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ABSTRACT
TUNING RESPONSIVENESS OF POLYPEPTIDE BASED BLOCK
COPOLYMERS FOR DRUG DELIVERY

by Ashley J Johnson
December 2014
The goal of this dissertation was to tune the pH response and self-assembled
morphologies of amphiphilic polypeptide block copolymers for use as drug delivery
vehicles. Poly(L-lysine) and poly(L-glutamtic acid) are responsive, ionizable
polypeptides that undergo secondary structure transitions, from α-helix to random coil,
whereby the change in conformation of the peptide chain results in changes to the global
morphology of a self-assembled system. The main focus of this work was to understand
how changes in the polymer composition and the local environment can lead to control
over the behavior of the overall system. First, the responsive behavior of poly(L-lysine)
block copolymers was studied in the presence of ionic liquids to determine how the
assembly and response of the peptide was affected by the presence of an organic salt.
Next, changes in the ring-opening polymerization of amino acid N-carboxyanhydride
monomers were made to alter to the composition of homo-block polypeptides to
statistical copolypeptides. An α-helix forming amino acid, leucine, was incorporated into
the peptide chain to space charged lysine units from one another in order to alter the pH
at which its secondary structure transition occurs. Leucine blocks were incorporated into
linear block copolymers to afford more stability to the assembly as well as the capability
of achieving novel morphologies. Finally, some of these materials have shown efficacy in
ii

controlled release of a loaded drug over an extended period of time at different pH and
salt concentrations.
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CHAPTER I
INTRODUCTION TO SELF-ASSEMBLY AND RESPONSIVE POLYPEPTIDE
BLOCK COPOLYMERS
Self-Assembly of Block Copolymers
Block copolymers are materials where two or more chemically distinct polymer
chains are covalently attached. When a diblock copolymer is place in a solvent that
preferentially solvates one of the blocks, the individual polymer chains self-assemble into
different morphologies in order to minimize interfacial energy.[1, 2] Compared to smallmolecule surfactants, polymer aggregates exhibit better stability due to their mechanical
and physical properties. Polymer aggregates have gained attention for their potential
applications in biomedicine and biomatierals. Typical solution morphologies of block
copolymers include spherical micelles, cylindrical micelles and vesicles shown in Figure
1.[2] In aqueous solution, the equilibrium morphology and aggregation number of
amphiphilic block copolymer assemblies is primarily determined by the balance of three
energetic factors: (1) interfacial tension, (2) corona chain crowding and (3) core chain
stretching. The balance of these three factors dictates an equilibrium curvature for the
aggregates.[3-5] Other morphologies of higher level complexity such as multicompartment micelles,[6-8] disk micelles,[9-12] nanotubes,[13] toroidal micelles,[14, 15]
bicontinuous micelles,[16, 17] and corkscrew micelles[18] can be formed, often arising
through structural complexity, solvent composition, or specific interactions.
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Vesicles
(f < 0.33)

Wormlike micelles
(0.33 < f < 0.55)

Spherical micelles
(f > 0.55)

Increasing fraction of hydrophilic block →
Figure 1. Cyro-TEM images of (A) vesicles, (B) worm-like micelles, and (C) spherical
micelles showing morphological progression to higher curvature assemblies with
increasing hydrophilic fraction (f) of amphiphilic block copolymers. “On the Origins of
Morphological Complexity in Block Copolymer Surfactants,” by Sumeet Jain, and Frank
S. Bates, 2003, Science, 300, 460-464. © The American Association for Advancement of
Science.
Extensive studies by Eisenberg, Bates, and Discher have fully elucidated the role
of block copolymer composition on morphology for coil-coil copolymers.[19-22] When
considering vesicles, they are described as hollow spheres with a bilayer wall sandwiched
by internal and external coronas. [23, 24] The rod or worm-like micelles are composed of
a solvent-phobic cylindrical core and a solvent-philic corona surrounding the core.[21,
25] The diameter of these structures are similar to that of spherical particles, but the
length can be exceedingly greater than that of the diameter. Spherical micelles are
composed of a spherical solvent-phobic core surrounded by solvent-philic coronal chains.
Considering these different morphologies, using these system for drug delivery vehicles
where drug could be encapsulated in the core and transported throughout the body offers
a possible option for patient treatment.
By introducing corona chains that are sensitive to pH and/or temperature, it is
possible to vary the relative volumes of the hydrophilic and hydrophobic blocks at the
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interface. This leads to a swelling or contraction of the assembly or even a shift in the
overall morphology.[26-31] Materials based on, for example, poly(acrylic acid) (PAA)
and poly(4-vinyl pyridine) corona chains exhibit modest changes in assembly size as a
function of solution conditions.[32-35] Einseberg and coworkers reported on PS-b-PAA
vesicles that were formed by use of a co-solvent method and the size of the vesicles could
be controlled by changing the water content. The increase in the amount of water caused
an increase in the interfacial energy which gave rise to an increase in the vesicle size to
decrease the total interfacial area. [24, 36]
Self-Assembly of Polypeptide Block Copolymers
While there is much that is known about the solution behavior of amphiphilic
diblock copolymer aggregates, a new and increasingly useful class of amphiphilic
materials based on polypeptides has been shown to form aggregates where the size is
responsive to the solution pH and temperature.[37-49] For example, changing the pH of a
polybutadiene-block-poly(L-glutamate) systems changes the secondary structure of the
poly(glutamate) converting it from 70-75% hydrophilic to 17-54% hydrophilic resulting
in a size change of the aggregates in solution. [38, 45, 50] Polypeptides are being studied
for creating blocks that exhibit high aqueous solubility and responsiveness, where the
peptides create the corona forming block, as well as peptides use in forming the core or
non-aqueous soluble domain of the aggregates.
Morphological changes in these materials are partially a result of secondary
structure changes within the polypeptide chain. These changes in secondary structures
can induce global changes in the morphology of the assembly. From an applications
standpoint, polypeptide-based hybrid materials have shown potential as pH sensitive drug

4
delivery vehicles.[51, 52] and hydrogels. [49, 53-55] In a sense, polypeptide-based
materials exhibit solution behavior similar to ‘traditional’ polyelectrolytes such as
polyacrylic acid.[56, 57] At low ionic strength, the chains are almost fully extended and
at high ionic strength, the charge groups are shielded. Polypeptide-based materials have
several key advantages over traditional polyelectrolytes in terms of their ability to control
interactions on a molecular level. First, upon ionization the peptide bond in the repeat
unit causes the polypeptide chain to have a preferred directionality away from the
interface. As a result, polypeptide-based chains do not exhibit ‘Gaussian coil’ behavior as
traditional polyelectrolytes do, which amplifies the magnitude of the chain extension
under higher ionic strength conditions. Second, for ionic strength as high as 0.6 M,
polypeptide-based materials still exhibit a pH response, suggesting that the charges along
the chain are not fully screened.[38, 58] Third, ionization or electrostatic screening
results in a secondary structure change that can be measured and quantified using circular
dichroism spectroscopy. These changes in secondary structure also bring about another
advantage to their use. Most synthetic polymers behave as coil-like structures, where
polypeptides can adopt different secondary structures which incorporate ordered
conformations which exhibit rod-like characteristics. While in the random coil
conformation, polypeptides present a coil structure, but when in the α-helix or β-strand
conformation they present a rod-like structure which brings about exceptional changes in
its properties (Figure 2). Finally, and most importantly, the precise charge distribution
and geometry in a polypeptide chain can be controlled using solid phase synthesis of the
peptide chains.
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Figure 2. Schematic diagram of secondary structures commonly adopted by
polypeptides: a) random coil, b) α-helix, and c) anti-parallel β-sheet. Reprinted
permission from “Self-assembly of polypeptide-based block copolymer amphiphiles,” by
Autumn Carlsen, and Sebastien Lecommandoux, Current Opinion in Colloid & Interface
Science, 2009, 14, 329-339. © 2009 Elsevier Ltd.
There have been a number of reports on the pH responsiveness of polypeptidebased block copolymers in solution by Klok, Schlaad, Lecommandoux and others.[33]
[38, 45, 59, 60] Two of the first studies involved poly(butadiene) (PB) and poly(styrene)
(PS) with poly(glutamate). As expected these materials exhibit pH responsiveness upon
deprotonation of the glutamic acid residues. Subsequent studies have been conducted on
poly(isoprene)-b-poly(lysine) and PB-b-poly(lysine) block copolymers where the
micellar size is maximized at low pH and decreases as the pH is increased and the sidechain amine group becomes protonated.[58, 61]
Lecommandoux et al. showed that the addition of salt decreases the
hydrodynamic size due to shielding of the peptide charges, however the micellar size in
the high ionic strength limit is still larger than the uncharged limit.[38] Figure 3 shows
the hydrodynamic radius (Rh) versus pH in water as a function of NaCl concentration.
The circle data represents PB-b-PLGA at pH 12, which should represent a fully charged
system, and with increased salt content there is a decrease in the size of the Rh which is
due to the charge screening of the NaCl. It appears that around 0.8 M NaCl the salt limit
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has been reached and there is no further decrease in the size of the aggregate. The square
data shows the PB-b-PLGA at 0 M NaCl (half filled) and 1 M NaCl (no fill) at various
pH. Both systems show an increase in the Rh with increasing pH, which is expected due
to the change in secondary structure from α-helix to random coil. Unlike typical
polyelectrolytes, the fully salted system still exhibits a change in size. It is suppressed
from that of the unsalted system, yet it is still evident. This behavior suggests that the
shielding is incomplete and that these materials are still pH responsive even under high
salt conditions.

Figure 3. Rh versus pH for PB48-b-PLGA145 spherical micelles in water as a function of
NaCl concentration and pH. Reprinted with permission from “Structure of PolypeptideBased Diblock Copolymers in Solution: Stimuli-Responsive Vesicles and Micelles,” by
Frederic Checot, Annie Brulet, Julian Oberdisse, Yves Gnanou, Olivier MondainMonval, and Sebastien Lecommandoux, Langmuir, 2005, 21, 4308-4315. © 2005
American Chemical Society.
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Not only does just the size of the aggregates change with change in secondary
structure, but changes in the chain packing can also occur. Schlaad et al. reported on the
vesicle formation and aggregate size change at various pH for PB165-b-PLys88 at
physiological salt concentrations. They observed a decrease in size with increase in pH,
but pointed out that the interfacial (bilayer membrane) properties are changing
dramatically while the aggregation number remained relatively constant. Changes in the
chain density occurred when the coronal chains went from charged at pH 7.0 to mainly
charge neutral at pH 10.3. Their explanation reveals the charge-charge repulsions at pH 7
cause the interfacial density to be lower than when the helices prefer to pack closely at
neutral pH of 10.3 (Figure 4).

Figure 4. Schematic images that illustrates changes in chain density as the vesicle
interface as a result of differences in secondary structure and charge at pH 7.0 and 10.3
for PB165-b-PLLys88 vesicles. Reprinted with permission from “pH Responsiveness of
Block Copolymer Vesicle with a Polypeptide Corona,” by Reinhard Sigel, Magdalena
Losik, and Helmut Schlaad. Langmuir, 2007, 23, 7196-7199. © 2007 American
Chemical Society.
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Not only do peptides provide stimuli-responsive behavior based on changes in
secondary structure, some peptides can provide chemical handles for crosslinking the
chains of aggregates or can be conjugated with other polymers to invert the polymer
aggregate based on solubility and create dual responsiveness. In a system of poly(Lcysteine)-b-poly(L-lactide) micelle formation was observed and crosslinks between
coronal cysteine units were made.[62] With the addition of dithiolthreitol the disulfide
bonds were cleaved, resulting in removal of the crosslinks from the system. Savin and
coworkers have reported on polymers which exhibit schizophrenic behavior, where
poly(lysine)-b-PPO micelles assemble with a PPO core and poly(lysine) corona at low
pH and above the LCST of PPO.[63] Upon a change an increase pH and a decrease in
temperature the micelles invert their structure, where the poly(lysine) has now adopted a
hydrophobic, α-helix secondary structure and the PPO has become water soluble with the
decrease in temperature. Lecommandoux et al. have reported on the interesting pH trigger
and schizophrenic vesicle assembly of poly(L-glutamic acid)-b-poly(L-lysine), where
changes in pH lead to swapping of the peptides blocks to and from the core and corona.
Specific interactions can also be formed between polypeptide polymer segments,
due to the inherent nature of the different secondary structures, which can lead to
deviations from conventional morphologies. When different energy contributions come
into play, for example coiled-coil interactions of α-helices, more complex phasebehaviors can be obtained with core-forming polypeptide blocks because of the
establishment of hydrogen-bridges and dipole-dipole interactions between α-helices.[64]
For example, Soula and coworkers showed the formation of micelles and hexagonallyshaped platelets formed from poly(L-leucine)-b-poly(sodium L-glutamate) in aqueous
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solution. The formation of the platelets was explained by the specific interactions of the
leucine zipper or coiled-coil interactions.[65] The coiled-coil motif is a result of direct
aggregation of multiple α-helices to from bundles which is driven by hydrophobic or
entropic effects. Deming and coworkers have made L-leucine and ethylene oxide
modified L-lysine asymmetric block copolypeptides that assemble into vesicles and sheetlike membranes. Formation of these lower curvature structures are uncommon for
asymmetric block copolymers, but due to the secondary structure interactions of the
leucine they were obtained using this system.[66]
Drug-Delivery via Amphiphilic Block Copolymers
Incorporating polypeptides to amphiphilic, self-assembling systems have made
them excellent candidates for the development of drug delivery. There is a current need
to maximize the activity of anticancer drugs, while minimizing the negative side effects
to patients and their healthy cells. A more universal and efficient strategy for anticancer
drug design in which there is high selectivity for tumor tissue needs to be developed to
alleviate the toxicity of anticancer drugs. Tumor cells, unlike prokaryotic bacteria cells,
are hard to target due to their inherent similarities to that of normal, healthy cells.
Macromolecular drugs have shown improved tumor selectivity over that of small
molecule drugs. In 1986, Maeda and Matsumaura discovered the “enhanced permeability
and retention (EPR)-effect”, which is a phenomenon of enhanced extravasations of
macromolecules from tumor blood vessels, and their retention in tumor tissues, which is
not observed in normal, healthy vasculatures.[67-70] Creating systems in which
nanoassemblies can be tumor-selective due to their large size, is an easy way target
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cancer cells and with the built-in responsiveness of polypeptides this leads to even better
control of the drug release.
According to Klok and coworkers there are two important issues when
considering effectiveness of drug delivery. The first is the temporal control or the ability
to adjust the time period over which drug release occurs and the second is distribution
control, which is to precisely direct the drug delivery to the desired site of activity.[71]
With use of polypeptide amphiphile assemblies, both of these issues could be targeted at
the same time. Temporal control can be achieved by loading drug into the core of the
peptide assembly, where it is encapsulated on the interior of the aggregate. Tailoring of
specific systems could allow for a passive diffusion of the drug out of the drug vehicle
over an extended period of time, or systems could be created to isolate the drug until it
has reached a specific destination. Distribution control of these systems could be a
twofold, where the macromolecular size of the drug loaded aggregate alone should
accumulate in tumor cells due to the EPR effect. With polypeptides, another level of
specificity could be obtained by exploiting the pH responsiveness of these polymers.
Cancer cells are known to be more acidic than that of normal, healthy cells. Changes
within the secondary structure upon changes in pH could lead to delivering the payload of
drug directly to cancer cells.
Lecommandoux and coworkers showed the decreased cardio toxicity of
doxorubicin, a widely used chemotherapy agent known to exhibit cardio toxicity, when
encapsulated in a poly(γ-benzyl-L-glutamate)-b-(hyaluron) vesicles. Within this study,
they also showed the ability of the polysaccharides to control the release of the
doxorubicin and its sequential uptake into cancer cells. [72, 73] Our research group has
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also shown the loading and suppressed release of doxorubicin from poly(propylene
oxide)-b-poly(L-lysine) block copolymers.[63] Doxorubicin was loaded into these
polymersomes by mixing the drug with the block copolymers below the lower critical
solution temperature of PPO. Below the LCST of PPO, these polymers chains exists as
unimers and only form aggregates above the LCST of PPO. The samples were allowed to
equilibrate at room temperature, which induced vesicle formation and encapsulated drug
upon formation. Although, there has been much study to elucidate polypeptides and their
ability to self-assemble, much research is needed in developing these system for use as
drug delivery vehicles.
Overview of Dissertation Research
Amphiphilic polypeptide based block copolymers have demonstrated their
possible use as drug delivery vehicles by increasing both the temporal and distribution
control of drug release, while extenuating their advantages of use including
biocompatibility, stimuli-responsiveness, and possessing essential structures and
functions as proteins. This dissertation adds to the areas of developing polypeptide block
copolymers for drug delivery vehicles, by focusing on tuning the pH responsive behavior
and changes in secondary structure which control the overall morphology of the peptide
assembly. Tuning the behavior and gaining precision control of these systems will be
crucial in the evolution of this fundamental research into in vivo studies and use in cancer
patients. Chapter II highlights the changes in pH response and solubility of polypeptides
in the presence of ionic liquids. Linear diblocks and triblocks of PPO and poly(lysine)
were synthesized and characterized in aqueous solutions with and without ionic liquid
present in solution. With the ionic liquid present, the phase space in which the
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polypeptides remain soluble was increased along with a shift in the pH at which the
polypeptide respond.
To date, a majority of the research involving pH responsive polypeptide block
copolymers is based on homopolypeptide blocks. In Chapter III, we introduce the
synthesis of pH responsive polypeptide block copolymers via simultaneous and
alternating addition of lysine and leucine NCA. With these copolymerization techniques,
we look to afford control over the pH at which the secondary structure transition occurs,
by spacing the ionizable lysine units away from one another. This would result in
changing the local environment of ionizable lysine unit. This will alter the dielectrics of
the system, resulting in control of the overall morphology in solution.
In Chapter IV, data on pH and salt responsive drug loading and release from
polypeptide based block copolymer assemblies will be discussed. Glutamic acid based
polymersomes of AB2 star copolymers were study for their extended release of DOX.HCl
and linear ABA lysine based triblock copolymers were studied for their “triggered” or
burst release of DOX.HCl with changes in pH. Minimization of charge-charge
interactions of the drug and polypeptide chain lead to enhanced drug release, yet chargecharge repulsion lead to no drug loading.
To improve upon our drug delivery from self-assembled polypeptide aggregates,
in Chapter V we introduce the incorporation of a permanently, hydrophobic leucine
polypeptide blocks into our poly(lysine)-PEG containing block copolymers. Leucine is an
α-helix forming amino acid with no ionization capabilities, but in solution leucine is
known to form a coiled-coil complex with other leucine chains. With this added peptide
block, the dynamics of the self-assembled system should change drastically by varying
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the weight fraction of hydrophilic polymer present at different pH. Not only should the
hydrophobicity of the leucine change the dielectrics of the system, but we believe the
presence of the coiled-coil complex will provide stability to the peptide aggregates
needed to with stand flow in the blood stream, as well as alter the diffusivity of loaded
drugs and diversify the overall morphologies that can be obtained.
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CHAPTER II
STUDYING THE EFFECTS OF IONIC LIQUIDS ON SELF ASSEMBLY AND
RESPONSIVENESS OF POLYPEPTIDE BLOCK COPOLYMERS
Abstract
Polypeptide block copolymers were studied in the presence of ionic liquids to
gain a fundamental understanding of how polymer interactions with ionic liquids affect
the morphology and responsiveness of polypeptide-based block copolymer assemblies.
Novel poly(lysine)-based block copolymer architectures with varying polymer
composition were studied in aqueous/ionic liquid solutions to elucidate both peptide
chain conformation and morphology of the structures. In studying our peptide
copolymers in the presence of ionic liquids, there was evidence of altered behavior of the
polymer assemblies compared with the behavior in aqueous solution alone. It appears the
ionic liquid expanded the miscibility of the polypeptide block copolymers at extreme pH
due to specific interactions with the charged peptide units. We were also successful in
increasing the size of the aggregates with the addition of ionic liquid, and this is
attributed to the interactions of the hydrophilic ionic liquid complexion with the charged
amine units, causing swelling of the aggregate.
Introduction
Ionic liquids are a class of solvents composed of ionic compounds with melting
points around room temperature. They are typically composed of bulky (often organic)
ions which prohibit crystal formation. The anions and cations of an ionic liquid can be
individually tailored to tune the ionic liquid’s physiochemical properties. The ion pair
interactions are strong enough that the ionic liquid has negligible vapor pressure; this
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characteristic has led some to call ionic liquids green solvents.[1-3] The outstanding
conductivity of these molten salts has found use in many energy applications such as
lithium battery electrolytes, fuel cells and solar cells.[1, 4]
Ionic liquids have recently been implemented into polymer science for use as
solvents to conduct polymerizations, as monomers to polymerize polyelectrolytes, and as
solvents to induce self-assembly of amphiphilic block copolymers or form polymer
gels.[5-13] In the case of inducing self-assembly of block copolymers, many studies have
shown that the ionic liquid solvent can provide selectivity towards one block of the
copolymer. For example, Lodge and coworkers have studied the specific solution
tunability of poly(ethylene oxide) (PEO) based block copolymers with poly((1,2butadiene)[5], poly(N-isopropylacrylamide)[7], and poly(propylene oxide).[9] Biphasic
systems of water and hydrophobic ionic liquid were designed so that the assembled
polymer micelles would shuttle between the layered solvents depending on the polymers
solubility preference at different temperatures. Lodge also studied systems of
polystyrene-b-poly(ethylene oxide) for ion conductivity in which lyotropic mesophase
transitions were observed upon increasing the amount of 1-ethyl-3-methylimidazolium
bis(rifluoromethylsulfonyl)imide [EMI][TFSI] ionic liquid.[14]
Bhattacharyya and coworkers have studied the core swelling with ionic liquids in
neutral PEO20-PPO70-PEO20 (Pluronic® P123) micelles.[15] These studies suggest that in
general, the same thermodynamic contributions to the equilibrium micelle morphology
exist, and the high degree of tunability in ionic liquids allows flexibility in choosing a
polymer/solvent pair.
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Although polypeptide-based block copolymers are unexplored in ionic liquids,
some biopolymers have been introduced into ionic liquids. The dissolution and
functionalization of cellulose within ionic liquids is being studied extensively due to its
potential of producing a renewable resource that capitalizes on the abundance of
cellulose.[2] The dissolution and processing of other biopolymers such as silk, chitin,
collagen, and elastin have also been studied.[16] Another attractive quality of these ionic
liquids is the tunability of properties, which has been explored for many biocatalytic
reactions, and enzyme stability that is impossible in traditional solvents.[17] Danielson
and coworkers have studied the structural stability and enzymatic activity of cytochrome
c in alkylammonium ionic liquids versus common phosphate buffers.[18] Results of
experimentation of these biopolymers in ionic liquids, lead to the belief that polypeptide
block copolymers will maintain their responsive function in the presence in ionic liquids.
Here we report the self-assembly and pH responsive behavior of polypeptide
based block copolymers in the presence of ionic liquids in aqueous solutions. Previously
synthesized copolymers of the amphiphilic diblock poly(propylene oxide)44-bpoly(lysine)44 (PPO44-P(Lys)44)[19] and triblocks poly(lysine)x-b-poly(propylene
oxide)33-b-(poly(lysine)x (where x = 27, KPK 27, x = 46, KPK 46)[20] were studied in
the presence of ionic liquids. With the addition of ionic liquid, the polypeptide block
copolymers assemble in solution and maintain a response to pH, but changes in the size
and solubility of the polymer aggregates suggests that these ionic liquids complex with
the polypeptides differently than do typical inorganic salts. Simple systems of
Poloxamers were studied in aqueous/ionic liquid solutions to gain a fundamental
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understanding of how amphiphilic block copolymer self-assembly process was affected,
but these systems showed a different response to the presence of the ionic liquids.
Experimental
Materials
Ionic liquids listed in Table 1 were purchased from Sigma-Aldrich and purified
using activated carbon. Poly(butadiene)63-b-poly(ethylene oxide)260 (PB63-PEO260,
Mw/Mn = 1.08) and poly(propylene oxide)59-b-poly(ethylene oxide)350 (PPO59-PEO350,
Mw/Mn = 1.13) were purchased from Polymer Source. Poly(ethylene oxide)2 poly(propylene oxide)y-b-(polyethylene oxide)x (MW = 3,400 g/mol; ratio 0.33:1 PEO to
PPO) was purchased from Polyscience Inc. Deionized water was collected from a
Barnstead NANO-Pure reverse osmosis/filtration system with a resistivity of 18.0 MΩ.
Benzyl protected H-Lys(Z)-OH was purchased from EMD Novabiochem and triphosgene
used to ring close the amino acid was purchased from Acros. Dimethylformamide (DMF)
and tetrahydrofuran (THF) were purchased from Sigma-Aldrich and were dried and
degassed by a Pure Solv MD-3 solvent purification system. Hexanes and diethyl ether,
used for precipitation of NCA’s and polypeptides, were purchased from Fisher Scientific
and used as received. Jeffamine D-2000 or diamine polypropylene oxide was donated by
Huntsman Chemical and used as received.
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Table 1
Ionic Liquids Used in These Studies

Cation

Anion

Name
1-butyl-3-methylimidazolium
(Bmim PF6)

1-butyl-3-methylimidazolium
tetrafluoroborate
(Bmim BF4)

1-butyl-3-methylimidazolium
methylsulfate
(Bmim MeSO4)

1-butyl-3-methylimidazolium
acetate
(Bmim AC)

1-butyl-3-methylimidazolium
methanesulfonate
(Bmim MSO3)

Synthesis and Purification
Synthesis of Lys (Z) N-Carboxyanhydride (NCA). Lys (Z)-NCA was synthesized
using the Fuchs-Fathing method where triphosgene was used to ring close H-Lys (Z)-OH
to form Lys (Z)-NCA[21]. In this reaction a slurry of H-Lys (Z)-OH is made in THF and
heated to 70oC. Once heated, a solution of triphosgene dissolved in the THF is added and
allowed to react for approximately 2 h in which the reaction clears. The reaction is
concentrated by precipitated into cold hexanes and stored in freezer overnight. The
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precipitate is then filtered and redissolved in THF and stirred for 2 h with decolorizing
charcoal to remove residual acid chloride. The reaction mixture was then passed through
a Celite column to remove the charcoal, and reprecipitated into cold hexanes and stored
in freezer overnight. The white precipitate was then filtered and dried under vacuum
overnight.
Synthesis of PPO44-P(Lys)44. Naik et al. previously synthesized PPO44-Lys44 by
utilizing the copper catalyzed azide-alkyne cycloaddition of azide terminated PPO to
alkyne terminated PLys (Z), and these authors provided this sample to the authors of this
work. [19] Briefly, the hydroxyl terminus of the PPO was converted to an azide
functionality, where it was then clicked to the alkyne functionalized polylysine. The ring
opening polymerization (ROP) of Lys(Z)-NCA was initiated with propargylamine which
provided the alkyne handle used in the click reaction.
Synthesis of PLysx(Z)-b-PPOy-b-PLysx(Z) triblock copolymers. PLysx(Z)-b-PPOyb-PLysx(Z) were synthesized via ring opening polymerization of Lys (Z)- NCA using the
diamine Jeffamine D-2000 as a macroinitiator.[20] The polymerization was carried out in
DMF for about 5 days at room temperature under nitrogen atmosphere. Vacuum was
pulled daily on the reaction to remove carbon dioxide and drive reaction to completion.
The final product was then precipitated into diethyl ether, redissolved into chloroform,
and reprecipitated into diethyl ether.
Deprotection of Cbz Group. Deprotection chemistry was utilized to cleave the
benzyl protecting groups of the lysine repeat units. The lysine containing block
copolymer was dissolved and stirred in a 50:50 (v/v) mixture of trifluoroacetic acid and
30 wt% hydrobromic acid in glacial acetic acid for 2 h at room temperature. This slurry
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was then diluted with deionized water and neutralized with 6M NaOH, and dialyzed
against deionized water using 3,500 MWCO cellulose membrane for 24 h to remove
salts. This solution was then removed and acidified with 6 M HCl to replace the bromide
counter ion of the amine groups on the lysine side chain with chloride ions. The solution
was then dialyzed again for 24 h against deionized water and the sample volume is
reduced. The polymer was then lyophilized to obtain product in powder form.
Ionic Liquid Purification. To remove impurities left in the ionic liquids from the
synthesis process, activated carbon was used. Due to the high viscosity of the ionic
liquids, a cosolvent system consisting of THF or chloroform with the ionic liquid 1:1
(v/v) mixture was used to reduce the viscosity. The ionic liquid was then mixed with the
activated carbon for 48 h. After mixing, the cosolvent was filtered to remove the charcoal
and impurities, and then rotovapped to reduce the volume. The sample was then placed in
the vacuum oven at 70oC for several hours, which is very important due to the
hygroscopic nature of the ionic liquids. With negligible vapor pressure, no evaporation
of the ionic liquid is expected.
Characterization
Molecular Characterization. 1H NMR and GPC were used to confirm the
molecular structure, confirm molecular weights and molecular weight distributions. 1H
NMR spectra were recorded on a Varian Mercury 300 (300 MHz) spectrometer. Gel
permeation chromatography (GPC) was conducted with a Viscotek TDA 302, fitted with
two low molecular weight columns connected in series. DMF with 0.02 M LiBr was used
as eluent at a flow of 1mL/min, operating at 35oC.
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Solution morphology characterization. Dilute aqueous and aqueous/ionic liquid
samples were characterized using dynamic light scattering (DLS) and static light
scattering (SLS), to determine the hydrodynamic radius as well as the radius of gyration.
Transmission electron microscopy (TEM) was used as supporting evidence for
determination of the solution morphology as well as location of the ionic liquid within the
sample. Self-assembly and chain dimensions in solution were characterized through use
of variable angle DLS and SLS using a Spectra Physics model 127 HeNe laser operating
at 40 mW with an incident light of 633 nm.
In DLS, fluctuations in scattering intensity are related to particle diffusion and can
be analyzed via the intensity autocorrelation function (g(2)(τ)). This is measured using a
Brookhaven Instruments BI-200SM goniometer with an avalanche photodiode detector
and TurboCorr correlator. Diffusion coefficients were calculated based on the relation
𝛤 = 𝑞 2 𝐷𝑚

(1)

where Γ, q2 and Dm are the decay rate, square of the scalar magnitude of the scattering
vector, and the diffusion coefficient, respectively. For very dilute solutions, we
approximate that the Dm = Dt = Dapp. Thus, the hydrodynamic radius (Rh) can then be
calculated from the diffusion coefficient using the Stokes-Einstein equation
𝑅ℎ =

𝑘𝐵 ∗𝑇
6𝜋𝜂𝐷𝑚

(2)

where kB, T, and η are the Boltzmann’s constant, the absolute temperature and the solvent
viscosity, respectively. For samples containing ionic liquid, a weighted average of the
ionic liquid’s and water’s viscosity at 25oC was calculated for the viscosity used to
calculate the Rh.
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SLS measurements were also taken to determine the Rg and molecular weight of
the aggregates in solution via Zimm or Berry analysis. By measuring the angular
dependence of the scattering intensity of one polymer concentration we can use the
following equation
1⁄
𝐼𝑒𝑥 =

1
𝑀𝑤

2

1

+ 3𝑀 ∗ (𝑞𝑅𝑔 ) + 2𝐴2 𝐶
𝑤

(3)

in which Rg can be quantitatively determined from the slope and the effective molecular
weight of the polymer assemblies at a finite concentration is given by the reciprocal of
the y-intercept.
Aqueous samples for light scattering were prepared by dissolving deprotected
polypeptide samples or Poloaxmer into deionized water at the desired weight percent and
then sonicated for at least 1 h. For samples containing ionic liquid, the ionic liquid was
added in two different ways. The first samples were made by dissolving the polymer in
an aqueous solution, then adding in the ionic liquid at the desired weight percent
followed by sonication at room temperature. The second ionic liquid sample preparation
protocol involved making a cosolvent of deionized water and the ionic liquid, which was
then used to dissolve the polymer sample at the desired weight percent. The pH of the
samples was then adjusted using 0.1 N HCl and NaOH solutions and then filtered using
0.45 um Millipore PVDF filters directly into the light scattering tubes. Once filtered, the
ionic liquid samples were capped and sonicated in an ice bath with a temperature of ~2oC
and allowed to stir at RT overnight. This was to exploit the 8oC LCST of PPO and break
apart any aggregates formed prior to the addition of ionic liquid to ensure formation of
the assemblies in the presence of ionic liquid, as well as keep the ionic liquid samples
from forming emulsions upon heating.
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Transmission electron microscopy (TEM) of the polymer aggregates were
obtained through a JEOL JEM-2100 LaB6 operating under ultra-high vacuum with an
acceleration voltage of 200 KV. TEM sample grids were prepared by spotting silicon
monoxide (SiO) coated 300 mesh copper grids with solution samples. Grids were covered
and wetted for approximately 30 minutes, then sample was wicked away using filter
paper. Polymer sample containing no ionic liquid were then stained with phosphotungstic
acid, where the stain was deposited to the grid then wicked away after 15 seconds.
Samples containing ionic liquids were not stained due to the high electron density of the
ionic liquids. To determine the secondary structure of the polypeptide, circular dichroism
(CD) spectroscopy of the copolymer solutions was performed using a JASCO J815
spectrometer at room temperature over the wavelength range 195-300 nm employing an
integration time of 1 second and a wavelength step of 0.5 nm.
Results and Discussion
Molecular Composition of PPO44-P(Lys)44 (PPO44-K44).[19] 1H NMR of the
starting Lys(Z)-NCA (bottom), the alkyne-terminated lysine polypeptide (middle) and the
final clicked diblock copolymer (top) are shown in Figure 5. The acetylene-terminated
PLys(Z) was synthesized using the ring-opening of Lys(Z)-NCA using propargyl amine
as the initiator. The spectrum of Lys(Z) shows a singlet around δ = 9.1 ppm which is
indicative of the amine proton in the anhydride, confirming the ring closure of the NCA.
The molar mass of the acetylene-terminated PLys(Z) was determined by comparing the
intensity of the peak at δ = 4 ppm due to the two protons at the α-position to the acetylene
group (labeled b) to the peak at δ = 4.5 which is due to the main chain protons of lysine
(labeled c). The acetylene-terminated PLys(Z) was then clicked to azide-terminated PPO.
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The block ratio of the resulting copolymer was then determined by comparing the proton
resonance at δ = 1.1 ppm, due to methylene protons from the PPO block, to the resonance
at δ = 5 ppm, due to the benzyl protons of the protecting group in the PLys(Z) block
revealed a Mn = 14,100 where GPC of PPO44-b-PLys(Z)44 revealed a polydispersity of
1.50.
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Figure 5. 1H NMR of bottom Lys(Z)-NCA, (middle) acetylene-terminated PLys(Z), and
top PPO-b-PLys(Z). The relevant resonances used for end-group analysis and block
confirmation are indicated. Reprinted with permission from “Temperature and pHResponsive Self-assembly of Poly(propylene oxide)-b-Poly(lysine) Block Copolymers in
Aqueous Solution,” by Sandeep S. Naik, Jacob G. Ray, and Daniel A. Savin, 2011,
Langmuir, 27, 7231-7240. ©2011 American Chemical Society.
Molecular Composition of PLysx(Z)-b-PPO33-b-PLysx(Z) triblock copolymers. 1H
NMR and GPC of the PLysx(Z)-b-PPO33-PLysx(Z) triblock copolymer studied were
conducted to determine the molecular composition of the synthesized polymer. Figure 6
is the proton 1H NMR with the labeled structure. Degree of polymerization for the lysine
blocks and the resulting Mn were determined by peak integration analysis of the methyl
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proton signal (δ = 1.1 ppm) of the PPO and methylene proton signal (δ = 5.1 ppm) of the
PLys-(Z). The molecular weight distributions of the copolymers were determined by
GPC and are shown in Figure 7. Table 2 is compilation of the 1H NMR and GPC data
with the resulting polymer compositions and the abbreviations that will be used referred
to the polymers.
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Figure 6. 1H NMR spectrum of a PLys(Z)-b-PPO-b-PLys(Z) triblock copolymer in
CDCl3. Actual composition of polymer was determined by comparing the integration at δ
= 1.1 ppm with the integration at δ = 5.1 ppm.
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PLys(Z)46-b-PPO33-b-PLys(Z)46
PLys(Z)27-b-PPO33-b-PLys(Z)27

16.8

18.9

21.0

23.1

25.2

27.3

29.4

Retention Volume (mL)

Figure 7. GPC traces for PLys(Z)46-b-PPO33-b-PLys(Z) 46 (black) and PLys(Z)27-bPPO33-b-PLys(Z)27 (red). The shoulder at high elution volume in the case of PLys(Z)27-bPPO33-b-PLys(Z)27 is an indication of premature termination events resulting in low
molecular weight chains or changes in secondary structure.
Table 2
PLysx-b-PPO33-b-PLysx

Sample

DP (PPO)

DP (PK)

wt% K

PDI

KPK 27

33

27

77.6

1.28

KPK 46

33

46

85.5

1.21

Note - KPK triblock copolymers synthesized. The weight fractions of PLys (K) corresponds to the hydrophilic polymers after
deprotection.
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Solution Characterization
Non-Peptide Block Copolymers in Presence of Ionic Liquids. Commercially
available block copolymers were studied in the presence of ionic liquids in aqueous
solutions to gain a fundamental understanding of ionic liquid/polymer interactions that
could be applied to our more complex peptide self-assembling systems. Upon addition of
1-butyl-3-methylimidazolium hexafluorophophate (Bmim PF6) ionic liquid to aqueous
Poloxamer PEO2-PPOy-PEOx (33wt% PEO content) sample, we initially see something
rather remarkable. As seen in Figure 8, initially a 5 wt% solution of poloxamer appears as
a cloudy non-transparent solution. With the addition of a small amount (ca. 0.01wt%) of
ionic liquid the solution becomes clear.

Figure 8. 5wt% PEO2-PPOy-PEOx in H2O at room temperature (left) with no Bmim PF6
(right) 0.01wt% Bmim PF6.

Upon investigating more dilute samples using DLS, we see a decrease in the Rh
(185 vs. 93 nm) by a factor of 2 for solutions containing equal weight percent of polymer
and ionic liquid. When higher weight percents of Bmim PF6 were added to the sample,
solution DLS data showed kinetic trapping of smaller aggregates, followed by
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flocculation over the course of 24 h. Liu and coworkers studied the self-assembly of
Pluronic® P104 in aqueous solution with added 1-butyl-3-methylimidazolium bromide
(Bmim Br) ionic liquid by several different characterization techniques.[22] Through use
of FTIR and DLS they found that the critical micelle temperature (CMT) remained
constant with the size of the micelle increased with concentration of ionic liquid, but
CMT abruptly decreased upon exceeding the threshold limit of ionic liquid. They
proposed that the cation of the Bmim Br interacts with the core PPO block of the micelle,
and with addition of excess ionic liquid Bmim Br clusters form.
Although our system is composed of a different polymer composition and ionic
liquid, we observe the opposite effect in size for low ionic liquid content, and perhaps a
similar cluster formed at high ionic liquid content. We hypothesize that the cation of
Bmim may be forming a complex with PEO chains, similar to that of a crown ether,
causing dissolution of the self-assembly at low ionic liquid content.[23] Upon further
addition of ionic liquid, the system becomes saturated with the large water-ionic clusters.
Such dramatic changes in morphology of poloxamers are not observed using simple
inorganic salts, leading us to speculate that the interactions between ionic liquid and
polymer are more complex than simple charge-dipole interactions.
TEM of the PEO2-b-PPOy-b-PEOx reveal what appears to be the ionic liquid
loaded into the hydrophobic domains of the assemblies, seen by the dark circles in Figure
9. At 33wt% PEO, we assume that this polymer would form vesicles in solution, but from
these images they apparently form toroids or donut like morphology.
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Figure 9. TEM of a 0.1 wt% sample of PEO2-PPOy-PEOx containing 1 wt% Bmim PF6.
Following this, a diblock copolymer of PPO59-PEO350 was studied in the presence
of hydrophilic ionic liquids. Given the polymer composition of 84wt% PEO, this system
should form spherical micelles in aqueous solution. Here we tried to elucidate how
sample preparation effects the morphology size. Table 3 gives the Rh (nm) at sample
preparation conditions of sonication at room temperature and at sonication in 2oC water
bath for 45 minutes, where DLS measurements were taken at 25oC. This experiment was
done in duplicate to ensure the results were reproducible.
Table 3
Hydrodynamic Radius of 0.1wt% PPO-b-PEO with Various Sample Preparations
Ionic Liquid Amount Ionic
Liquid

Trial 1
Rh RT

Trial 1
Rh 2oC

Trail 2
Rh RT

Trail 2
Rh 2oC

None

0 wt%

24

40

23

37

Bmim AC

0.1 wt%

28

60

28

32

Bmim MSO3

0.1 wt%

29

33

27

30

Note – RT and 2oC refer to the temperature at which the samples were prepared. Samples at RT were prepared at RT and never taken
below this temperature. Samples at 2oC were sonicated in ice bath and allowed to equilibrate at 25oC before light scattering readings
were taken.
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Table 3 reveals that in both trials, with no ionic liquid present, there was an
increase of about 15 nm in the Rh of the PPO59-PEO350 aggregates when the sample was
sonicated at 2oC compared to RT. This size increase is most like due to the formation of a
more hydrated core, where water molecules are still residing within the core. When the
sample is sonicated on the bench top at RT, the water bath is heated as a result of the
sonication. It can be assumed that these samples were actually heated above RT, which
would drive water molecules out of the PPO core because of its LCST of ca. 8oC.
Upon the addition of either Bmim Ac or Bmim MSO3 there was a slight increase
in the size of the micelles at RT compared to the polymer in water at RT, but upon
sonication at 2oC there is a slight there increase of about 4 nm. [Note that for Bmim AC
trail 1, the dramatic increase in size was not reproducible; therefore this trial was
neglected.] Compared to the samples in deionized water, the ionic liquid containing
samples were smaller, which supports that the hydrophilic domains are swollen with
ionic liquid. We can still hypothesize that the cation of the ionic liquid, which is the same
cation of the hydrophobic ionic liquid used in the previous study, complexes with PEO
chains in a way that decreases the size of the overall aggregate.
Solution Characterization of Polypeptide Block Copolymers in the Presence of
Ionic Liquids. Initial studies of PPO44-PK44 (67wt% hydrophilic) diblock copolymers
were conducted in aqueous solutions with and without 1-butly-3-methylimidazolium
hexafluorophosphate (Bmim PF6) a hydrophobic ionic liquid. Table 4 shows the Rh (nm)
size comparison of PPO44-PK44 with various amounts of ionic liquid at pH 7. Here with
the addition of the ionic liquid, swelling of the peptide aggregates occurs. We
hypothesize that are swelling factors attributing to this size increase: (1) association of
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the ionic liquid with charged corona chains, (2) swelling of the PPO hydrophobic domain
with the hydrophobic ionic liquid, and (3) encapsulation of the ionic liquid with in the
aggregate upon assembly, with third factor being the major contributor of the size
increase. Considering the first factor, an assumption that the ionic liquid would associate
with the charged peptide is reasonable, but this large size increase is not what would be
expected if the ionic liquid were screening charge-charge repulsions along the chain.
Organic ionic liquids are more bulky and asymmetric than typical inorganic salts,
therefore the association may lead to charge screening and could cause an increase in the
size of the particle due to the room need to associate with that charge along the chain.
This sample was examined at pH 7, in which case we can assume that the peptide block is
mostly deprotonated, forming an α-helix secondary structure. Therefore, association of
the ionic liquid with charges along the peptide chain should be decreased because of the
reduced number of charges along the α-helix.
Table 4
0.01wt% PPO44-PK44 with Bmim PF6
wt% of Bmim PF6

Rh (nm)

0

64

0.3

143

1

175

2

218

Note - Sample is at pH 7

Previously, this system was shown to form vesicles at the pH range in which the
polymer was soluble, which means the core of this aggregate is formed with lysine
peptide chains.[19] Sample preparation consisted of sonication of the sample in an ice

43
bath (2oC) to break apart the aggregates. Being below the LCST of PPO at this
temperature, we can assume the polymer chains exist as unimers in solution. The samples
were then stirred at room temperature to allow assembly to take place in the presences of
the ionic liquid. With this preparation technique, encapsulating large amounts of ionic
within the core of the vesicle is possible. This preparation step of unimers to vesicles
would also facilitate swelling of the hydrophobic PPO domains.
These initial studies with PPO44-PK44 in the presence of Bmim PF6 led to further
investigation of peptide systems. The self-assembly of the KPK27 and KPK46 triblock
copolymers were studied at varying pH via light scattering with and without ionic liquid
present. Due to the pH responsive nature of the lysine blocks (the amine group on its side
group) and changes in its secondary structure, the overall morphology is can be
controlled by the state of lysine. We hypothesized that by introducing the ionic liquid to
the system, we can preferentially swell selected domains of the assembled aggregates.
With the addition of this salt, we can also assume that the lysine’s responsive behavior
may be altered due to charge-charge screening along the peptide chain. Polymer
composition of KPK 46 and KPK 27, shown in Table A, KPK 46 has a higher
hydrophilic weight fraction of lysine than KPK27, both of which have the same
hydrophobic PPO center block. Figure AA and AB present the Rh, Rg and the ratio ρ =
Rg/Rh as a function of pH for both samples in only aqueous conditions.
For sample KPK 27 in water, shown in Figure 10, the Rh remains relatively
constant (ca. 34 nm) and the Rg increases from 28 nm at pH 3 to 36 nm at pH 7. The ρ
values associated with these changes in the radii change from 0.8 to 1.05, suggesting a
spherical micelle-to-vesicle transition. The small changes in ρ from pH 4 to 7 and the
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slight decrease in Rh are due to the further deprotonation of the lysine coronal chains
resulting in helix formation. TEM images of KPK 27 assemblies in Figure 11 a and b
confirm the solution size and morphologies seen in light scattering.
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Figure 10. Rh (□), Rg (○), and ρ (= Rg/Rh,) vs pH for KPK 27 in H2O.
Upon the addition of 1wt% of 1-butyl-3-methylimidazolium tetrafluoroborate
(Bmim BF4), a fluorinated, hydrophobic ionic liquid, we see a drastic change in the size
and phase behavior of the peptide aggregates in solution. Figure 12 shows the comparison
of KPK 27 Rh at pH’s 3, 7 and 10 in the presence of water (red, ○) and 1wt% Bmim BF4
(black, □), where there is a ~14 nm increase in size of the particles in solution. In aqueous
solution, the KPK block copolymers become insoluble ~pH 8. With the addition of the
Bmim BF4, the KPK 27 aggregates are still in solution well above pH 8. Since the ionic
liquid altered the behavior of the triblock so vastly, we wanted to confirm that the
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structures were stable and at equilibrium. DLS of the same samples was run over a two
day period and the Rh of the particles was recorded. Results in Table 5 show the size of
samples at pH 3 and 7 do not change, whereas the sample at pH 10 the size decreases
from 81 to 74 nm within the first 24 hours. This size decrease is most likely from the
particles being formed in a non-equilibrium state and more time was needed for the large
particles to reach equilibrium.

(a)

(b)

(c)

(d)

Figure 11. TEM images of KPK aggregates: (a) KPK 27 at pH 3.1, (b) KPK 27 at pH 6.9,
(c) KPK 46 at pH 3.1, and (d) KPK 46 at pH 6.8. All samples were stained with 1% w/w
phosphotungstic acid in water.
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1 wt% Bmim BF4
H2O
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Figure 12. Comparing Rh of aqueous samples (red, ○) to 1wt% Bmim BF4 samples
(black, □) of 0.01wt% KPK 27 determined by DLS. At pH 10, there was no aqueous data
because KPK 27 becomes insoluble and crashes out of solution. With the addition of
Bmim BF4, the phase space of the polymer has been increased and remains in solution.
Table 5
Time Stability of KPK 27 in Ionic Liquid Solution

pH

Rh (nm)
4 Hours

Rh (nm)
24 Hours

Rh (nm)
48 hours

3

49

49

48

7

49

49

49

10

81

74

74

Note – Time referrers to amount of time since sonication ended

TEM of KPK 27 in water (Figure 11 a and b) coincide with the light scattering
data (Figure 10) which support the spherical micelle-to-vesicle transition, where at pH 3
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there is evidence of spherical particles with electron dense cores. At pH 7 the spherical
particles are much larger and the cores of the assemblies appear to be hollow suggesting
the vesicles. When looking at the TEM images of KPK 27 in 1wt% Bmim BF4 at pH 3
(Figure 13 a and b) larger, what appear to be spherical micelles are present. This increase
in size is attributed to the swelling of the aggregate with the ionic liquid. The samples
containing ionic liquid were not stained, so the increase in electron density of the sample
is due to the presence of the ionic liquid within either the core and/or the corona of the
aggregate. At pH 3, the assumption can be made that the peptides’ side units are mostly
charged and whereby the secondary structure adopts a random coil conformation.
Previous studies have shown that with the addition of inorganic salts (i.e. NaCl) that the
charges along the polymer chains are screened, reducing the charge-charge repulsions,
which decreases the length of the charged polymer and the overall size of the
aggregate.[24] We have shown here the addition of the ionic liquid has increased the size
of the aggregates, which attributes the swelling of the assembly with the ionic liquid.
The TEM images of KPK 27 in water at pH 7 show vesicle formation, where the
images of KPK 27 in 1wt% Bmim BF4 (Figure 13 c and d) still appear to be spherical
micelles. In aqueous solution the spherical micelle-to-vesicle transition had occurred by
pH 7, where the light scattering data and TEM of the ionic liquid sample seem to suggest
that this morphological transition has not occurred at this pH. Also seen in Figure 13(d),
image d is the preferential alignment of the ionic liquid swollen particles. Above pH 7,
the aqueous samples precipitate out of solution due to the insolubility of α-helix formed.
With the presences of Bmim BF4, the pH range is increased and taken to pH 10. Light
scattering data of the ionic liquid sample show a large increase in size of about 25 nm
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from low pH to high pH. TEM image (Figure 13 e) show large, vesicle aggregates. These
vesicles appear to have low electron density in the centers of the aggregates, supporting
vesicle formation as well as lack of ionic liquid with the core. High electron density of
the membrane suggests that a majority of the ionic liquid is found within the hydrophobic
domains of PPO, which is likely due to the hydrophobic nature of the fluorinated ionic
liquid. CD of KPK 27 at pH 10 in 1wt% Bmim BF4 (Figure 14) shows that the lysine
blocks have adopted an α-helix conformation, which is to be expected at this pH.
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(a)

(b)

(c)

(d)

(e)

Figure 13. TEM images of KPK 27 aggregates in aqueous solution at 1wt% 1-butyl-3methylimidazolium tetrafluoroborate (Bmim BF4): (a) and (b) pH 3, (c) and (d) at pH 7,
and (e) at pH 10. (d) Shows the preferential enlighten of the ionic liquid swollen
aggregates which would be crucial for creating bicontinuous ion-conducting channels.
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Figure 14. CD plot of KPK 27 in 1wt% Bmim BF4 at pH 10. Although this spectra is
noisy, the double minimum at 208 and 222 nm is present which indicates the formation of
α-helix secondary structure of the lysine block. This is the expected conformation of the
peptide at the given pH.

It is unclear as to what role the ionic liquid is playing in changing the behavior of
the peptide aggregates. We hypothesize that (1) ionic liquid is swelling the hydrophobic
domains of the polymer aggregates, making them more hydrophobic and forcing water
molecules out of the assembly, thereby altering the dielectric strength of media and
changing the solubility and response of the peptide blocks or (2) with addition of the
ionic liquid they become a counter ion to the lysine units and associated with the changes
in size and transitions that occur.
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Figure 15. Rh (□), Rg (○), and ρ (= Rg/Rh,) vs pH for 0.01wt% KPK46 in H2O.
Transitioning to the higher molecular weight polypeptide, the light scattering data
for KPK 46 aggregates are presented in Figure 15. At pH 3 and 4, the aggregates clearly
exist as spherical micelles with an Rh of about 30 nm and a ρ value below 0.8. TEM
shown in Figure 11 c confirms the presence of small spherical aggregates at pH 3.1 in
agreement with size predicted by light scattering. Upon increasing the pH there is a large
size increase of both the Rh and Rg, which leads to an increase in the ρ value. When
comparing there results with the TEM image at pH 6.9 (Figure 11 d), the morphology
appears spherical, but the size is much larger than would be able to form using KPK at
this molecular weight. We attribute this size increase to the formation of disk-shaped
micelles as high pH based on the ρ value.[25] As seen in the TEM of Figure AC d, there
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appear to be regions where the assemblies stack (indicated by the arrows). This is more
likely to occur with aggregates that are flat as compared to those that are spherical.[26]
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Figure 16. Rh (□), and Rg (○) vs pH for 0.01wt% KPK 46 in 1wt% Bmim AC.
KPK 46 triblock copolymer was also studied in the presence of ionic liquid 1butly-3-methylimidazolium acetate (Bmim AC). This ionic liquid is hydrophilic which is
different from Bmim BF4 that was studied with KPK 27. Figure 16 shows the Rh and Rg
values for 0.01wt% KPK 46 in 1 wt% Bmim AC. Comparing KPK 46 in water to KPK
46 in the presence of Bmim AC, we see that at pH 3-5 there is a large increase in the size
of the aggregates of about 55 nm at pH 3 and 20 nm at pH 5. This could be due to the
hydrophilic ionic liquid swelling the corona of the aggregate because of counterion
complexation with protonated lysine side chains. As the pH of the environment is
increased the size of the aggregates decrease, which is attributed to the deprotonation of
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the lysine units leading to a transition in secondary structure from random coil to α-helix.
The drastic change in the size of these aggregates is not likely due solely to the change in
secondary structure. Other contributing factors could be the deswelling of ionic liquid as
the number of charges along the chains decreases, change in morphology, change in
interface chain density, or aggregation number.
There is no direct comparison for the trends in size of these two systems because
the aqueous solution behavior is very different. In aqueous solution, KPK 46 transitioned
from spherical micelles to disk like micelles upon an increase in pH, which led to an
increase in size from pH 4 to 7. As mentioned previously, KPK 46 size decreases from
pH 3 to 6 in the presence of Bmim AC, but is followed by a large (30 nm) increase to pH
8.7. Here again we see an increase in the phase space where the triblock copolymer
remains in solution with the addition of ionic liquid, where in aqueous solution the pH
cannot be raised above ~pH 7.5 before the polymer becomes insoluble. It is difficult to
determine the exact morphology of the these aggregates, but we observed previously in
the case of KPK 27 in 1wt% Bmim BF4 that it appears the morphology transition was
shifted to higher pH range.
Not only the solubility of the polymers be increased at high pH, but we were also
able to study these large triblock copolymers at higher weight percentages. Figure 17
shows Rh of 0.01 wt% KPK 46 in 1 wt% Bmim AC and 0.02wt% KPK 46 at 2wt%
Bmim AC, which is interesting because at any weight percent higher than 0.01 of a KPK
triblock the sample’s solubility and excess scattering made it impossible to characterize
via light scattering. With the addition of more ionic liquid, we were able to increase the
concentration of the peptide, where the sizes of the aggregates follow a similar trend in
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decreasing size with increasing pH. The higher weight percent samples have a smaller
change in size overall, with a more gradual change in size with pH. The concentration of
KPK 46 was also taken to 0.03 wt% with 2 wt% Bmim AC, shown in Figure 17, and the
peptide was soluble and remained in solution above pH of 7, but a similar size trend was
not followed. Triblock copolymer behavior is much more dependent on concentration
than diblock copolymers, so changes in the concentration could be altering the
morphology.[24]
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Figure 17. Rh of 0.01wt% KPK 46 in 1 wt% Bmim AC (□) and 0.02 wt% KPK 46 in 2
wt% of Bmim AC (vs pH. 0.01 wt% KPK 46 in 1 wt% Bmim at pH 8.7 only, at 0.02
wt% KPK 46 in 2 wt% Bmim AC sample became insoluble at pH above 7.

These samples with larger amounts of Bmim AC were further examined where a
non-filtered sample was studied via light scattering. Figure 18 shows the Rh for KPK 46
at 0.02wt% for the filtered sample (black, squares) and the non-filtered sample (hollow,
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triangles). We can see a drastic difference in the size of the particles, but both samples
exhibit a decrease in the Rh with increasing pH. The filters used on these samples have
0.45 µm mesh size, which could possibly be too small to filter these particles, but with
the scattering obtained from the filtered samples we believe that the sample is in fact
passing through the filter. It is possible that the aggregates are being disassembled upon
passing through the filter due to their size, and re-forming as smaller aggregates.
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Figure 18. Rh for 0.02wt% KPK 46 in 2 wt% Bmim AC filter (□), non-filtered () vs pH.

Conclusion
In summary, this chapter has shown that addition of ionic liquids to selfassembled polypeptide copolymer systems can alter their pH responsiveness and increase
the polymers’ miscibility at extreme pH values. In studying the polar, non-ionic
Poloxamer systems, we saw a decrease in the size of the aggregates formed and attribute
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this to the cation complexation with the hydrophilic PEO chains, followed by
solubilization. With the ionizable peptide block copolymers, an increase in the size of the
aggregates was seen upon the addition of ionic liquid and was increased with increasing
amounts of ionic liquid, but the polymer chains still remained responsive to changes in
pH. TEM images suggest that with small amounts of ionic liquid added to the solutions,
the polymers still adopt the same morphology.
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CHAPTER III
SIMULTANEOUS AND ALTERNATING ADDITION OF NCARBOXYANHYDRIDE MONOMER FOR CONTROLLING RESPONSIVENESS
Abstract
Modifications in the N-carboxyanhydride (NCA) ring opening (ROP) synthesis
were utilized to create amphiphilic, polypeptide block copolymers which exhibit nonhomogeneous peptide blocks. Two different synthetic routes were explored, one in which
the NCA of both leucine and lysine(Z) were simultaneously added to the reaction (i.e.:
statistical copolymerization), and the second which involved an alternating addition of
the two different monomers over several days. In the synthesis of alternating additions,
different initiators were used to determine the effect on the pH responsiveness of the
peptide block. 1H NMR and GPC were used to probe the molecular composition of these
polymers and compare them to block copolymers previously synthesized. These
polymers were also characterized via light scattering to determine their ability of to form
aggregates upon dissolution in water. Circular dichroism (CD) and potentiometric pH
measurements were taken to elucidate the changes in pH responsiveness, due to changes
in secondary structure.
Introduction
Polypeptide block copolymers possess many attributes which make them
candidates for use in controlled drug delivery, one of which is their incorporation of
responsive or “smart” polymers to the system.[1-4] In our studies, we focus on changes in
secondary structure that occur due to ionization state of pH responsive block copolymers
with homoblocks of lysine or glutamic acid.[5-8] We have evidence that these systems
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can undergo drastic morphology changes due the changes that occur within the secondary
structure, which could be exploited for controlled drug delivery. The problem with our
systems is that there is little to no control on the pH at which the secondary structure
change occurs in the system. Possessing control on the pH at which our systems respond
would allow for targeting or releasing the drug payload at the site of an acidic tumor cell.
We also want to utilize pH responsiveness of our systems through the pH changes that
occur within the endocytic pathway of cellular uptake. This would lead to the release of
the drug payload once inside the afflicted cell. To our knowledge there has been no
reported literature on altering the pH response of self-assembled polypeptide systems.
Studies conducted by Won et al. on non-peptide containing polymers show that
amine groups, present in the side chain of a poly-(2-(dimethylethylamino) ethyl
methacrylate) (PDMAEMA), deprotonate at lower pH than in the monomer form,
because of strong interchain electrostatic repulsion between the closely spaced charged
amine groups along the chain.[9] They also studied these behaviors in the presence of salt
and determined that with added NaCl, the electrostatic interactions between charged
amine groups are weakened, which enhances the protonation of the chain. At high
enough salt concentrations, the polymerized units of PDMAEMA could behave almost
like unpolymerized monomer because the interactions between adjacent charged units is
mediated through the aqueous medium; with enough salt present, the charges become
effectively isolated from one another. In the case of poly(ethylenimine-ran-2-ethyl-2oxazoline) (P(EI-r-EOz)), the change in ionic strength of the medium was less effective
because the interactions are dominated by the local electrical permittivity of the section
of polymer chain located between the two charged units. With this study, we believe that
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creating a hybrid peptide of a non ionizable, α-helix forming amino acid with an
ionizable, α-helix forming amino acid, we can create a system in which there is a change
in the local dielectrics of the system. This should lead to a change in the pH at which the
secondary structure transition occurs.
There have been a few studies on the copolymerization of NCAs. Belleney and
coworkers synthesized non-sequential copolymers of γ-methylglutamate and leucine.[10]
They determined that there exists a slightly higher reactivity of γ-methylglutamate NCA
compared to leucine NCA, when initiated with an Al-Schiff’s base complexes and
allylamine. They also observed that the use of triethylamine, which is a tertiary amine,
led to polymers in which the sequence effects were less pronounced, which was most
likely due to interchain heterogeneity. With this work and work within the Savin research
group, we believe that the reactivity of the proposed NCAs are very different, which
would lead to a block copolymer of the peptides or a gradient like configuration.
Here we report on the simultaneous polymerization and alternating addition of
NCAs to form copolypeptide block copolymers. Previous research from our group has
focused on the homopolymerization of an NCA to form a block copolymer, in which we
studied the synthesized polymer’s ability to self-assemble and pH responsive behavior in
solution for use as drug delivery vehicles. The pH responsive behavior is derived from
the polymerization of an ionizable amino acid, which can lead to changes in secondary
structure with changes in pH. In the homopolymerization of the ionizable NCA, the
ionizable units are configured right next to one another along the peptide chain,
drastically altering the dielectrics and local environment of ionizable units and the pH at
which the secondary structure change occurs. For example, the pKa of a single lysine unit
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is around pH 10.5; our research shows that the pKa of poly(lysine) homopolymer is
around pH 4. We believe that with the copolymerization of an ionizable NCA, such as
lysine, with a non-ionizable NCA, such as leucine, we can create a system in which the
pH response of the polypeptide copolymer can be controlled by creating changes in the
dielectrics of the system by creating space between the ionization sites.
Experimental
Materials
For the ring closing NCA reaction H-Lys(Z)-OH benzyl protected lysine amino
acid was purchased from Sigma-Aldrich and P3 BioSystems. Leucine and alanine amino
acids were purchased from Sigma-Aldrich and all amino acids were used as received.
Triphosgene was purchased from TCI America and α-pinene, used as an acid scavenger,
was purchased from Acros. Benzyl amine was purchased from Fluka and used as an
initiator for polymerizations. Poly(propylene oxide) monobutyl ether and Poly(ethylene
oxide) monobutyl ether were purchased from Sigma-Aldrich; amino-terminated
poly(butadiene) was purchased from Polymer Source Inc., and Jeffamine M-2005 was
donated by Huntsman chemical; all were used as macro initiators. Tetrahydrofuran (THF)
was purchased from Sigma-Aldrich and was dried and degassed by a Pure Solv MD-3
solvent purification system before use. Extra dry N,N-Dimethylformamide (DMF) with
molecular sieves was purchased from Acros and used as received. Deionized water was
collected from a Barnstead NANO Pure reverse osmosis/filtration system with a
resistivity of 15MΩ. Hexanes, diethyl ether used for precipitation of NCA’s and
polypeptides were purchased from Fisher Scientific and used as received. Toluene and
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chloroform were also purchased from Fisher Scientific but were dried with molecular
sieves before use in polymerizations.
Synthesis
N-Carboxyanhydride (NCA) Synthesis. The NCA’s were synthesized using the
Fuchs-Farthing method were triphosgene was used to ring close the animo acid to form
the N-carboxyanhydride.[11] The amino acid was weighed and vacuumed dried in a three
neck reaction flask equipped with addition funnel, nitrogen purge, and condenser
connected to a drying column. From this point on, the reaction was not exposed to air.
Next, while purging with N2, THF was cannulated into the addition funnel and dispensed
into the reaction flask. Following this, α-pinene, used as an acid scavenger, was added
through the addition funnel and followed with a THF rinse. While stirring, the reaction
slurry was heated to 75oC for the protected amino acids and 60oC for the non-protected
amino acids. A triphosgene solution was then made with THF and added to the addition
funnel and slowly dripped into the reaction mixture. Following the addition of
triphosegene, the reaction was allowed to react for approximately 2 h or until reaction
cleared. The reaction volume was reduced and precipitated into cold hexanes and left in
freezer overnight. The white product was then filtered and vacuum dried for use.
Alternating Polymerization. In the synthesis of the alternating addition of NCAs,
several different initiators were used. We used a small molecule amine in benzyl amine, a
relatively hydrophobic macroinitiator in PPO42-NH2, a more hydrohopic macroinitiator
PBD30-NH2 and PEO45-NH2 as a hydrophilic macroinitiator. Poly(ethylene oxide)
monobutyl ether was amine functionalized as previously described by Feijen et al.[12]
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and poly(propylene oxide) monobutyl was azide functionalized and reduced to a primary
amine with use of Rainey nickel.[13] All other initiators were used as received.
Two routes of syntheses were taken to synthesize the statistical or alternating
copolymers. Route one was conducted where all the NCA monomer was added initially
and polymerized from the initiator. From this reaction procedure, we concluded that the
reactivity ratios of these NCAs could be very different. The procedure for the synthesis of
the NCA actually vary depending on which NCA is being synthesized. To synthesize
leucine or alanine NCA the reaction temperature is dropped from 75oC to 60oC, because
at high temperature the NCA will auto-polymerize. The larger molecular weight,
protected NCA monomers tend to be more stable and react slower than the smaller, nonionizable spacer NCAs. With this information, a new synthetic method was incorporated,
where the NCAs were dissolved in solution and known amounts of the solution were
alternatingly added to the reaction flask. A three hour wait period was taken after the
addition of lysine NCA and a one hour wait period was taken after leucine. This is due to
the inherent nature of leucine NCA to react much faster than that of lysine(Z) NCA. The
amount of NCA solution to be added was calculated by the target DP and the number of
additions was determined by the target molecular weight.
Deprotection of Cbz Group. Deprotection chemistry was utilized to cleave the
benzyl protecting groups of the lysine repeat units. The Z-lysine containing block
copolymer was dissolved and stirred in 50:50 (v/v) mixture of trifluoroacetic acid and 30
wt% hydrobromic acid in glacial acetic for 2 hours at room temperature. This slurry was
then diluted with deionized water and neutralized with 6M NaOH and dialyzed against
deionized water using 3500 MWCO cellulose membrane for 24 hours to remove salts.
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This solution was then removed and acidified with 6M HCl to replace the bromide
counter ion of the amine group on the lysine side chain with chloride ions. The solution
was then dialyzed again for 24 hours against deionized water, and sample volume is
reduced. The polymer is then lyophilized to obtain the product in powder from.
Molecular Characterization
1

H NMR and GPC were used to probe the molecular structure of the synthesized

polymers and their NCA monomers. 1H NMR spectra were recorded on a Varian
Mercury 300 (300 MHz) spectrometer. NCA samples were dissolved at 20 wt% in
dimethyl sulfoxide-d6. Polymer samples were dissolved at 20 wt% in CDCl3/TFA at 15
wt% TFA. Gel permeation chromatography (GPC) was conducted with a Viscotek TDA
302, fitted with two low molecular weight columns connected in series. DMF with 0.02
LiBr was used as eluent at a flow of 1 mL/min, operating at 35oC.
Solution Characterization
Dilute aqueous samples at various pH’s were characterized using dynamic light
scattering (DLS) and static light scattering (SLS), to determine the hydrodynamic radius
as well as the radius of gyration. Self-assembly and chain dimensions in solution were
characterized through use of variable DLS and SLS using a Resarch Electro-Optice HeNe
laser operating at 35.0 mW, with an incident light of 633 nm.
In DLS, fluctuations in scattering intensity are related to particle diffusion and can
analyzed via the intensity autocorrelation function (g(2)(τ)). This is measured using a
Brookhaven Instruments BI-2008M goniometer with an avalanche photodiode detector
and TurboCorr correlator. Diffusion coefficients were calculated based on the relation
Γ = 𝑞 2 𝐷𝑚

(1)
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where Γ, q2, and Dm are the decay rate, square of the scalar magnitude of the scattering
vector, and the diffusion coefficient, respectively. For very dilute solutions, we
approximate that the Dm = Dt = Dapp. Thus, the hydrodynamic radius (Rh) can then be
calculated from the diffusion coefficient using the Stokes-Einstein equation
𝑅ℎ =

𝑘𝐵 ∗𝑇
6𝜋𝜂𝐷𝑚

(2)

where kB, T and η are the Boltzmann’s constant, the absolute temperature, and the solvent
viscosity, respectively.
SLS measurements were also taken to determine the radius of gyration (Rg) of
aggregates in solution via Zimm or Berry analysis. By measuring the angular dependence
of the inverse excess scattering intensity (Iex) and plotting Iex-1 versus q2, the Rg can be
derived from the slope of the graphed data. The ratio ρ = Rg/Rh gives an indication of the
assembly morphology. In the hard-sphere limit, the ratio approaches 0.775, and for
vesicles the ratio is 1.0. Elongated morphologies give rise of ρ value > 1.2.
To determine the secondary structure of the polypeptide, circular dichroism (CD)
spectroscopy of the copolymers solutions was performed using a JASCOJ815
spectrometer at room temperature over the wavelength range 195-300 nm employing an
integration time of 1 second and a wavelength step of 0.5 nm. For potentiometric pH
measurements, a ΩMetrohm Ion Analysis 848 tirion Plus was used. 25 mL aqueous
polymer solutions were made at known mM amounts of lysine or amine units. 0.1 N HCl
was then used to lower the samples pH to 2.5, and the volume of HCl used was recorded.
The sample was then stirred while 0.5 NaOH was dispensed as the titrant. The data was
saved and plotted to determine the pKa values of our polymers in solution.
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Aqueous samples were prepared for light scattering by dissolving deprotected
polymer samples into deionized water at the desired weight percent. The samples were
then sonicated for at least 1 hour. From here the samples were divided and the pH was
adjusted using 0.1 N HCl and NaOH. Samples were filtered directly into light scattering
tubes using 0.45 µm Millipore PVDF filters and capped immediately.
Results and Discussion
Molecular Characterization
In utilizing simple modifications to our previously discussed synthetic protocol,
variations in the molecular structure of the peptide copolymers were achieved by the
incorporation of the non-ionizable amino acid, which is used as a spacer to separate the
responsive units from one another. Scheme 1 depicts the peptide block of a block
copolymer, where the blue polymer represents that of a homopolymer of lysine, where
the positive charges are located on adjacent turns of the helix. The blue and red peptide
represents a copolymer of lysine and leucine, where leucine (red) is used to space the
lysine units apart, while retaining α-helical character. We hypothesize that incorporating
this distance between the charged amine units will lead to changes in the local chemical
environment and reduce the electrostatic repulsions resulting in an overall change in the
pH responsiveness of the block copolymer. Having control of the pH at which our
peptides are responsive is pivotal in creating controlled drug delivery systems that are
capable of releasing the drug load when prompted by a change in pH. Here, two different
routes to synthesizing these statistical copolymers were attempted. In the first,
simultaneous polymerization of Lys-(Z) and Leu NCA occurred, where in the second
synthetic route an alternation in addition of NCA occurred. The second route was
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implemented due to the apparent difference in the reactivity of the Leu NCA to that
Lys(Z) NCA.

Homopolymer

Copolymer

Scheme 1. Comparison of a synthesized peptide block which results in a homopolymer
block versus that of a copolymer block.
PPO42-b-(Leu15-s-Lys35) and Jeff2005-b-(Leu15-s-Lys35) were synthesized using
simultaneous polymerization of the NCA and their molecular structures are shown in
Figure 19, where the green structures represent the hydrophobic macroinitiator, the red
and blue represent the leucine and lysine simultaneously polymerized. The 1H NMR for
PPO42-b-Leu15-s-Lys35 is shown in Figure 20, with the given peak assignments, which is
representative of the polymers synthesized via simultaneous NCA addition. We see the
formation of polymer backbone peaks for the methyine groups (-CH) at δ = 4.5 and
amide groups (-NH) at δ = 7.7. An attempt to determine the actual polymer composition
was made, but the integrations of the macroinitiator to peptide polymers are not
congruent. We believed this is caused by the aggregation of helix forming peptides
altering the peak integrations, and this will discussed in further detail in a later chapter.
GPC data for the PPO42-b-(Leu15-s-Lys35) and Jeff2005-b-(Leu15-s-Lys35) are
shown in Figure 21, where monomodal distributions are seen. The two polymer curves on
the graphs represent polymer that was recovered from precipitation in ether (red) and
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polymer recovered from precipitation in water (green). It is well established in literature
that polypeptide polymers are typically recovered by precipitation in cold ether, due to
the peptides’ insolubility. These GPC traces show that higher molecular weight peptide
samples were precipitated when warm water was used. In this particular situation, the
mixed polymerization solvent containing of DMF, chloroform, and toluene could alter
the molecular weight of the resultant polymer, and thereby the solubility of the polymer
in ether.

Figure 19. Structures of (a) PPO42-b-(Leu15-s-Lys35) and (b) Jeffamime2005-b-(Leu15-sLys35).
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Figure 20. 1H NMR for PPO42-b-(Leu15-s-Lys35) with peak assignments.
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Figure 21. GPC for PPO42-b-(Leu15-s-Lys35) (top) and Jeff2005-b-(Leu15-s-Lys35)
(bottom). The black curve represents the amine functional macroinitiator, the red curve
represents the polymer precipitated into ether, and the green curve represents the polymer
precipitated into warm water.
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In the second synthetic route, several alternating additions of NCA solutions were
injected into the reaction mixture. Table 6 shows the target molecular weights and DPs of
the Lys3 and Leu sequences which were altered back and forth to yield high molecular
weight polymers. Initiators were varied to differentiate what effect the size and
hydrophobicity of the initiator has on the pH responsiveness of the peptide chain.
Table 6
Polymer Compositions for (Lys3-b-Leu3) Alternating Polymers

Initiator

Initiator
(Lys3-Leu3)x Total Target
MW(g/mol)
DP
MW(g/mol)

Benzylamine

107

7

5,200

PPO

2000

14

12,100

PBD

1800

10

9,000

PEO

2000

11

8,200

The 1H NMR of PPO42-b-(Lys3-Leu3)14 alternating block copolymer is shown in
Figure 22 and the peak assignments are given. Here again we see the formation of
polymer backbone methyl groups (-CH) at δ = 4.5 and amide groups (-NH) at δ = 7.7.
The DPs referred to throughout will be the experimental targets for reasons previously
mentioned. The 1H NMRs of PEO45-b-(Lys3-Leu3)11 final product (e) and aliquots of the
first four additions of NCA (a-d) are shown in Figure 23. From the NMRs, we see an
increase in the appearance of polymer backbone peaks, with increasing monomer and
reaction time. For this synthetic process, Lys-(Z) NCA was added followed by a 3 hour
wait period. After the 3 hours, the aliquot was taken (just for the first four additions) and
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then Leu NCA was added. With the polymerization of Leu NCA, only a 1 hour wait
period was taken because of the reactive nature of this NCA compared to that of Lys(Z)
NCA. GPC traces of these aliquots and the final polymer are shown in Figure 24. We can
see that with the first addition of each monomer there is the proper trend in growing
molecular weight (red and green), but with the second additions we see a higher
molecular weight with the addition of Lys then we do with the following addition of Leu
NCA. There are several factors that could be causing this unlikely shift, but we do see
that with further additions of NCA, a higher molecular weight, monomodal distributed
peak is formed. It has been reported by Barz et al. that the bimodality in GPC that occurs
around a DP of 15 can be caused by a change in secondary structure of a growing peptide
chain.[14] With these aliquots that are taken, we are in this regime of changes in
secondary structure. Also, in our attempt to space these lysine amine units from one
another, the actual mixing of NCA addition only facilitates our attempts to change the
local environment.
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Figure 22. 1H NMR of PPO42-b-(Lys3-Leu3)14 alternating block copolymer and peak
assignments.
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Figure 23. 1H NMR of PEO45-b-(Lys3-Leu3)11 (e) and aliquots taken of the first four
additions of NCA: (a) PEO45-b-Lys3, (b) PEO45-b-Lys3-b-Leu3, (c) PEO45-b-Lys3-b-Leu3b-Lys3, (d) PEO45-b-(Lys3-Leu3)2, and (e) final polymer.
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Figure 24. GPC traces for PEO45-b-(Lys3-Leu3)11 (black) and aliquots taken of the first
four additions of NCA: (red) PEO45-b-Lys3, (green) PEO45-b-Lys3-b-Leu3, (blue) PEO45b-Lys3-b-Leu3-b-Lys3, (purple) PEO45-b-(Lys3-Leu3)2, and (black) final polymer.

Many attempts have been made in the Savin Group to optimize the
polymerization of leucine. Homopolymerizations of leucine in DMF, initiated with a
small molecule, become instantaneously cloudy. NMRs of these non-soluble reactions
suggest that polymer is made much faster than the reported 4 to 5 day time period. We
have worked extensively in creating the proper reaction conditions for the polymerization
of leucine to keep the polymer soluble and viscosity of the solution low. We have found
that the macroinitiator is crucial in facilitating the dissolution of the polymer throughout
the reaction, as well as using the cosolvent system of DMF, chloroform, and toleuene.
With the reactions reported here, we must note that in the simultaneous addition of NCA
the reaction did get cloudy within 2 days of reaction, but seemed to be more soluble than
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homoblock copolymers previously synthesized. With the daily addition of solvent, we
were able to keep the viscosity low and the polymer mostly soluble. With the alternating
addition of NCA to the reaction flask, every alternating polymer remained completely
soluble throughout the polymerization and the viscosity was kept low. The GPC traces
for the alternating block copolymers are shown in Figure 25. We see relatively
monomodal distributions, with the proper trend in elution volume according to the
targeted molecular weights shown in Table A.

BA-(Lys3-Leu3)7
PPO-(Lys3-Leu3)14
PBD-(Lys3-Leu3)10

Relative Intensity

1.0

PEO-(Lys3-Leu3)11

0.5

0.0

15

Elution volume (mL)

Figure 25. GPC traces for alternating block copolymers. Targeted molecular weights for
these polymers are presented in Table 6.
In our exploration of synthesizing polypeptide block copolymers, we have
focused mainly on homoblock copolymers, but here our intentions are to create peptide
blocks which vary the arrangement of the peptide monomers along the chain. If we
compare the simultaneous (i.e.: statistical) to alternating to sequential block addition of
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leucine and lysine monomers, we see differences in their solubility during synthesis and
molecular characterization. Alternating synthesis has thus far been the only synthetic
technique which yields a clear, low viscosity reaction solution with only the addition of
NCA solutions. In Chapter V, we report the synthesis of block polymers with
homopolymer-blocks of leucine polymer, where solubility of the polymers remains to be
an obstacle, especially when polymerizing the leucine block before that of the lysine
block. In GPC traces presented there, final products where leucine is polymerized first
produced bimodal distributions, which are most likely due to the lack of solubility of the
polymer and their reactive chain ends. In Figure 26 we compare the 1H NMR spectra of a
triblock copolymer of PPO42-b-Leu15-b-Lys35 (a), an alternating addition copolymer of
PPO42-b-(Lys3-b-Leu3)14 (b), and a simultaneous addition copolymer of PPO42-s-Leu15Lys35 (c). If we compare the backbone peaks at δ = 4 - 4.5 ppm (-CH) and δ = 7.5 – 8.2
ppm (-NH), we see the transition of the peaks from two distinct peaks in the homoblock
copolymer (a) to a bimodal peak in the alternating block (b) to a single peak in the
simultaneous addition (c). This leads us to believe that the simultaneous addition of the
NCAs does construct a polymer that is more random, than that of the alternating
additions of NCAs.
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c

b

a

Figure 26. Comparison of 1H NMR spectra for PPO42-b-Leu15-b-Lys35 (a), PPO42-b(Lys3-b-Leu3)14 (b), and PPO42-b-(Leu15-s-Lys35) (c). Chemical shifts are assigned in
previous NMR spectra. The polymer backbone peaks at δ = 4 - 4.5 ppm (-CH) and δ =
7.5 - 8.2 ppm (-NH) shift from two distinct peaks in the block copolymer, to bimodal
peaks in the alternating block synthesis, to single peaks in the simultaneous synthesis.

Solution Characterization
The simultaneous and alternating addition polymers were characterized in
solution to determine if they could self-assemble and exhibit pH responsive behavior. In
Figure 27, the Rh values versus pH are shown for the simultaneous addition polymers of
Jeff2005-b-(Leu15-s-Lys35) and PPO42-b-(Leu15-s-Lys35). We see an overall trend of
decreasing size of the aggregates with increasing pH. This decrease in size is expected for
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these leucine-lysine polypeptides, where the amines of the lysine chain are becoming
deprotonated upon the increase in pH. Previously, we have shown as these amines
deprotonate in homoblock copolymers, and there is a random coil to α-helix transition.[5,
6, 8] Leucine and lysine amino acids are both known to be α-helix forming peptides in
aqueous solutions in this pH range, so we hypothesize that along with the deprotonation
of the amines there coincides a formation of an α-helix. If enough leucine units are
polymerized sequentially, there is a possibility of α-helix forming at low pH. Figure 28
shows the comparison of the CD plots for simultaneous addition block copolymer of
Jeff2005-b-(Leu15-s-Lys35) (top) to that of the homoblock copolymer Jeff2005-b-(Leu15s-Lys35) (bottom). We can see from these plots, that with the simultaneous addition of
NCA the block copolymer exhibits a change in secondary structure from random coil to
α-helix with increasing pH, indicated by the random coil minimum present at 198 nm at
low pH to the α-helix double minima at 208 and 222 nm at the higher pH’s. Comparing
this to the homoblock copolymer, it appears there is α-helix present throughout the entire
pH range, which is expected from the leucine block. This evidence coupled with that seen
in 1H NMR, leads us to believe that using the simultaneous addition of NCAs does lead
to the formation of a non-homogenous block of peptide units. CD reveals the secondary
structure transition occurs in the pH range of 3-7, but it unclear if the pH responsive
behavior has been altered.
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Figure 27. Rh vs pH for Jeff2005-b-(Leu15-s-Lys35) (top) and PPO42-b-(Leu15-s-Lys35)
(bottom). In the Jeff2005 graph the black curve represents the polymer precipitated in
warm H2O and the red curve represents the polymer precipitated in ether.
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Figure 28. CD plots of Jeff2005-b-(Leu15-s-Lys35) (top) and Jeff2005-b-(Leu15-s-Lys35).

85
The comparison of the 1H NMR alternating addition block copolymers to that of
the simultaneous addition and homoblock copolymers lead us to believe there is a
difference in the molecular structure of the polymers. The Rh versus pH data for PPO42-b(Lys3-Leu3)14 (top) is shown in Figure 29, along with GPC traces of the polymer
precipitated in ether and water (bottom). With this leucine/lysine system, we again see
size decrease with increasing pH, but with this system a pH is reached where there is a
jump in the Rh.. It is debatable as to why the polymer recovered from the water yields
larger aggregates of ca. 30 nm in size at low pH, then between pH 5 – 7 the aggregates
recovered from ether experience a 65 nm increase in Rh compared to the 8 nm increase of
the water precipitated polymer. The GPC traces of these polymers show that the polymer
precipitated in the warn water might be slightly higher in molecular weight than the
polymer precipitated in ether, which could be the cause of the initial size difference as
well as the drastic difference in the response at high pH. Using evidence from static light
scattering, most polymers containing leucine tend to yield elongated aggregates. We
attribute this usual behavior to presence of the leucine and its ability to pack and form
what is called a leucine zipper.[15] (This topic is further discussed in Chapter V.)
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Figure 29. PPO42-b-(Lys3-Leu3)14 - Rh vs pH for (top) and GPC traces (bottom). Polymer
precipitated into ether shown in black and precipitated into water shown in red.
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The CD spectra for PPO42-(Lys3-Leu3)14 (top) and PEO45-(Lys3-Leu3)11 (bottom)
are shown in Figure 30. Here we are probing the secondary structure of these alternating
addition block copolymers. The PPO42-(Lys3-Leu3)14 represents an alternating addition
polymer anchored to a hydrophobic block, where the PEO45-(Lys3-Leu3)11 represents an
alternating addition polymer anchored to a hydrophilic block. In the case of PPO42-(Lys3Leu3)14 at pH 3, we see what appears to be an α-helix secondary structure, but the
characteristic double minima peaks at 208 and 222 nm seem to be shifted and have
asymmetric peak depths. We attribute this to coiled-coil interactions of the leucine
segments, as previously reported.[15] At pH 7 we see the appearance of the
characteristic α-helix double minima. It is probable that these coiled-coil interactions are
also responsible for the dramatic increase in the sizes of the aggregates with increasing
pH seen dynamic light scattering; the interactions of the leucine segments force the
interfacial curvature, which would increase hydrodynamic size. In the case of PEO
copolymer, there is evidence of α-helices present across the entire pH range. It should
also be noted that all the synthesized alternating polymers were soluble at high pH up to
about pH = 11, but as seen in this CD plot, no data for the secondary structure could be
recorded by the instrument. This suggests that solubility may prevent transmission of the
UV light from the CD instrument. Light scattering data at high pH were also
inconclusive, and we attribute this behavior to the coiled-coil interactions occurring with
these polymer chains. With direct comparison of these two systems, we see no obvious
assumptions that can be made pertaining to the role of the non-peptide block, but we can
assume that the coiled-coil interactions are going to greatly effect both self-assembly and
the potential for drug delivery in these systems.
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Figure 30. CD spectra for PPO42-(Lys3-Leu3)14 (top) and PEO45-(Lys3-Leu3)11 (bottom).
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To bring about more understanding of the pH responsiveness, potentiometric pH
measurements were taken. The titration curves are shown in Figure 31 for the alternating
addition polymers (top), for the comparison of PPO42-b-Lys40-b-Leu40, to PPO42-bLeu40-b-Lys40, and to PPO42-(Lys3-Leu3)14 (middle), and the comparison of PEO based
polymers with varying leucine and lysine additions (bottom). Each sample was made up
at 50 mL of solution at a concentration of 0.5 mM amine (or lysine content), based off the
targeted DPs. From here, 25 mL of the sample was taken and the pH was dropped to 2.
The amount of 0.1 N HCl used to obtain this pH was recorded and is presented in Table
7. From here the samples were titrated using 0.5 M NaOH and the results were plotted.
Table 7
Amount of 0.1 N HCl Added to Titration Sample
Polymer Sample

Amount of
0.1 N HCl (mL)

BA-(K3-L3)7

1.450

PPO42-(K3-L3)14

1.220

PPO42-(K3-L3)14 – H2O

1.300

PBD30-(K3-L3)10

1.250

PEO45-(K3-L3)11

1.450

PPO42-b-K40-b-L40

1.200

PPO42-b-L40-b-K40

1.200

PEO45-b-(K6-L3)2

1.550

PEO45-b-(K3-L6)2

1.500

PEO45-b-(K6-L3)2 - Time
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Figure 31. Titration curves for alternating addition polymers (top), block copolymers of
initiated with PPO compared to that of an alternating polymer initiated with PPO
(middle), and alternating addition initiated with PEO (bottom). The sample labeled
PEO45-b-(K6-L3)2 –Time, indicates that there was a 6 hour reaction period following the
addition of Lys-(Z) NCA instead of the 3 hour reaction period.
Conclusion
Here we have reported the synthesis and characterization of polypeptide
copolymers synthesized via simultaneous addition and alternating addition of the NCA
monomers, where modifications in peptide sequence within the backbone were made to
change the local environment of the pH responsive amine units. Previously, work in the
Savin research group has focused on the synthesis of pH responsive block copolymers
composed of homogenous blocks creating amphiphilic molecules, but synthesizing these
homoblock copolymers has greatly altered the pH at which the polymers respond. With
these two synthetic techniques, we believe of that homogeneity of the peptide blocks has
been disrupted, but it is still unclear as to how the pH response of the peptide block has
been effected. The pH range at which the polymers are soluble has been increased,
compared to homoblock copolymers previously synthesized. Alternating addition of the
NCAs also lead to polymerization reactions in which the leucine containing polymers
remained soluble throughout the entire reaction and viscosity of the reaction remained
low. Further investigation is needed to determine how leucine and the coiled-coil
interactions it creates will affect the self-assembly and drug delivery.
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CHAPTER IV
EVIDENCE OF CONTROLLED DRUG RELEASE FROM RESPONSIVE
POLYPEPTIDE BLOCK COPOLYMERS
Abstract
In this study, polyglutamate based AB2 (R2PEn) star copolymers were investigated
alongside lysine based poly(propylene oxide) triblock copolymers to determine their
potential use for drug delivery vehicles. We look to exploit the inherent ability of
amphiphilic, polypeptide block copolymers to self-assemble upon dissolution in an
aqueous media. Another factor that is useful for tuning these systems for drug delivery is
the peptide’s responsive behavior to changes in pH. Polymersome forming systems of
AB2 (R2PEn) star copolymers, where R represents a lipophilic group of either
octandecanethiol (ODT), thiocholesterol (Chol), or mercaptopropylisobutyl
polyoxahedral silsesquioxane (POSS®) and PE represents polyglutamate, were found to
encapsulate Dox.HCl and extend its release over a five day period. It was determined that
ionic strength of the media and pH of system effect the rate and amount of drug that is
released. Triblock copolymers of poly(lysine)x-b-poly(propylene oxide)n-b-poly(lysine)x
(KPK 27 and KPK 52) were also found to encapsulate Dox.HCl and extend its release
over an 8 day time period. With these systems, we utilized the morphology transition that
occurs with change in pH, due to the peptide’s change in secondary structure, to create a
system which could be triggered to increase the drug’s rate of release.
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Introduction
Amphiphilic block copolymers have attracted much attention in biomedicine, for
their use in drug or gene delivery. As mentioned previously, macromolecular assemblies
exhibit an inherent selectivity towards cancerous tumor cells because of the enhanced
permeability and retention (EPR) effect. The EPR effect describes the state of tumor
cells, in which they are known to be made of a porous endothelial layer creating a route
of entry for large molecules and lacks proper lymphatic drainage to remove them from
within the cell.[1-5] Polymeric drugs or nanocarriers have many advantages over small
molecule drugs other than just that of the EPR effect. Macromolecular drugs have shown
an increase in the half-life, of 10 times of more, of the active drug within circulation,
which results in less frequent administration of toxic chemotherapy drugs to the patient
increasing their quality of life.[6-8] A PEG-L-asparaginase conjugate (Oncaspar®) has
shown an increase in the half-life of the drug from 8-30 h to 14 days when conjugated to
PEG, so the patient dosage drops from a once a day infusion for four weeks, to a one time
infusion every two weeks.[9] Interferon, a protein used to weaken cancer cells, has now
been peglyated (Pegasys®) and instead of requiring more than 2-3 injections per week,
the peglyated drug only requires a weekly injection.[10]
Drugs which are encapsulated within a nanoassembly are not only more stable
with an increased half-life, they also exhibit ‘stealth’ like characteristics in which they
have shown avoidance of the reticuloendothelial system (RES).[7, 11, 12] The RES is
composed of macrophages designed to ingest bacteria, viruses, or foreign bodies within
an organism. Many drugs that would be adequate for chemotherapy treatments are
hydrophobic and are not used because a high drug concentration within the patient cannot
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be achieved due to the poor solubility of the drug. With use of polymer encapsulation,
this boundary is being alleviated and hydrophobic drugs are becoming more
advantageous.[13-15] As previously mentioned, polymer nanoasseblies also afford the
ability to regulate both the temporal and distribution control of the drug throughout its
circulation path.
Tailoring amphiphilic drug delivery systems is being studied extensively in order
to advance their use for in vivo and in vitro trials. Polymersomes have advantages over
that of small molecule surfactants and liposomes in that they create more stable
aggregates and offer the synthetic tuning of molecular weights and topologies. Many
literature reports haven shown the ability of polymersomes to encapsulate and control
release of chemotherapeutic agents or small molecules dyes. Eisenberg and coworkers
have demonstrated the loading of doxorubicin into poly(acrylic acid)-b-poly(styrene)
vesicles and its controlled release over time by amount of THF within the solution.[16]
Polypeptide based amphiphiles polymersomes are of particular interest due to
their biocampatiblilty and responsiveness due to change in secondary structure with pH
and temperature.[17-25] Lecommandoux and coworkers showed the decreased cardio
toxicity of doxorubicin, a widely used chemotherapy agent known to exhibit cardio
toxicity, when encapsulated in a poly(γ-benzyl-L-glutamate)-b-(hyaluron) vesicles.
Within this study, they also showed the ability of the polysaccharides to control the
release of the doxorubicin and its sequential uptake into cancer cells.[26, 27] Our
research group has also shown the loading and suppressed release of doxorubicin from
poly(propylene oxide)-b-poly(L-lysine) block copolymers.[28]
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Here we report on the ability of polypeptide polymersomes based on R2PEn star
copolymers and KPK block copolymers to control the release of encapsulated payloads.
Our research group has reported on the synthesis and characterization of AB2, lipidmimetic polymersomes based on glutamic acid (E). With this particular topology,
vesicles were formed over the entire pH range.[29] We have also reported on the selfassembly and pH responsiveness of ABA triblocks based on poly(L-lysine)-bpoly(propylene oxide)-b-poly(L-lysine) in aqueous solutions.[30] With these well
characterized systems, we now demonstrate their ability to encapsulate and control
release of small molecule drugs. We show the R2PEn polymersomes obtain high loading
efficiencies and exhibit release properties that are affected by salt concentration. The
KPK aggregates demonstrated a ‘triggered’ release by taking advantage of the sphericalto-micelle transition that occurs upon change in pH.
Experimental
Synthesis
Synthesis of AB2. Synthesis and characterization of AB2 ( R2PEn) were previously
reported by Ray et al.[29] Briefly, these star polymer were constructed via a convergent
synthesis method using propargyl amine to initiate the ring opening polymerization
(ROP) of benzyl protected glutamate NCA. This acetylene functional peptide was then
linked, using thiol-alkyne click chemistry, to the lipophilic thiol functional R-group of
octodecanthiol (ODT), thiocholesterol (Chol) or Mercaptopropylisobutyl polyoxahedral
silsesquioxane (POSS®) to yield the polymers ODT2PBLGn, Chol2PBLGn, and
POSS2PBLGnn. These polymers, shown in Scheme 2 (a), were then deprotected for pH
responsiveness and solution characterization.
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Scheme 2. Polymersome-forming R2PEn star polymers (a) and KPK linear triblock
compolymers (b); blue and red represent the hydrophilic and hydrophobic segments,
respectively.

Synthesis of KPK triblock compolymers. The synthesis of the KPK linear triblocks
were mentioned previously, briefly the synthesized consisted of ROP of benzyl protected
lysine NCA using diamine functional Jeaffamines®. The polymer was precipitated in
ether, and deprotected for pH responsiveness. Figure WE (b) shows the polymer structure
and composition after deprotection.
Characterization
1

H NMR were obtained using a Varian Mercury 300 (300 MHz) spectrometer

where the DP of the polypeptide block and resulting Mn were determined by peak
integrations. Light scattering, as previously mentioned, was used to determine the size
and morphology of the polymer aggregates formed in solution. TEM images of the
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aggregates were acquired using a TEM JEOL Ltd. JEM-2100 LaB6 operating under ultrahigh vacuum with an acceleration voltage of 200kV.
Drug Loading and Release. For drug loading and release, a chemotherapeutic
agent called doxorubicin hydrochloride (Dox.HCl) was used alongside two other
choromphores, fluorescein (Flu) and methylene blue (Mb), all of which absorb within the
UV-Visible range and are shown in Table 8. Although Dox.HCl is the only actual
chemotherapy drug used, for simplification we will refer to the other two chromophores
as drug. The schematic for loading of each type of polymersome is shown in Figure 32,
where (a) is the AB2 stars loading method and (b) is the KPK linear block copolymer
loading method. To load the drug into the polymersomes, the desired amount of polymer
was dissolved in a known concentration of a drug/aqueous solution. The AB2 samples
were then sonicated for 1 h and stirred overnight. This was followed by dialysis, using
tubing with 6,000 -8,000 MWCO, for 24 h in order to remove any drug that was not
loaded into the polymersome. For the KPK samples, morphological switching was used
to load Dox.HCl, because sonication method was insufficient. The pH of the drugpolymer solution started at a low pH of 3, then while the sample was stirred, small
amounts of 0.1 N NaOH was added until sample reached a pH ~ 7 or 8. This change in
pH lead to the spherical micelle-to-vesicle transition which lead to in situ drug loading.
Drug loading was then followed by a 24 h dialysis wash to remove drug not loaded.
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Table 8
List of Drugs Used in These Studies
Drug

Structure

Doxorubicin (Dox.HCl)

Fluorescein (Flu)

Methylene Blue (Mb)
Note – Fluorescein and methylene blue are not chemotherapy drugs and are only being used as chromophore for UV-VIS
spectroscopy. For simplification they will be referred to as drug throughout this paper.
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a

b

Figure 32. Loading schematic of drug in (a) AB2 star polymer vesicles (b) KPK linear
triblock copolymers vesicles.

After the loaded, the polymersomes were washed, UV-Visible spectroscopy
readings were taken to determine the concentration of drug remaining following the wash
step. Using a double beam PerkinElmer Lambda 35 UV-Vis spectrometer equipped with
pre-aligned deuterium and tungsten-halogen lamps and UV WinLab software, absorbance
measurements were taken in a 1 cm quartz cuvette and the concentration of drug loaded
was calculated. The loaded sample was then place in dialysis tubing with the same
MWCO, and submerged in water bath. At incremental times, UV-Vis readings of the
environment were taken to determine the concentration of drug in the surrounding water
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bath. Equation 4 was used to calculate the concentration at which 100% of the loaded
drug was released
𝐶100% =

𝐶𝑜 ∗𝑉𝑠𝑎𝑚𝑝𝑙𝑒
(𝑉𝑠𝑎𝑚𝑝𝑙𝑒 +𝑉𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑡ℎ )

(4)

where Co is the initial concentration of drug loaded after being washed, Vsample is the
volume of the sample added to the dialysis tubing for release, and Vwater bath is the volume
of water that is added to submerge the dialysis tubing, which is the environment where
the drug was released. Dividing the concentration by C100% gives the fraction of released
drug at each specific time. In some cases, the pH of the KPK samples was lowered below
pH 4 (both sample and water bath) to allow for a vesicle-to-spherical micelle transition,
which lead to a triggered release of the drug payload.
Results and Discussion
Molecular and Solution Characterization AB2. 1H NMR of the PBLG16 and the
resulting AB2 star polymers previously synthesized are shown in Figure 33.[29] The
bottom spectra shows PBLG16 where absence of peaks in the regions δ = 0-1.9 ppm will
allow for the detection of the conjugates after the thiol-alkyne click reaction. The
disappearance of the alkyne resonance at δ = 3.9 ppm indicates a successful reaction in
all three conjugate plots. In the ODT2-PBLG16 plot (red) the appearance of resonance at δ
= 0.9-1.2 ppm corresponds to the aliphatic groups in the ODT. Likewise, in the
POSS2PBLG16 plot (teal) the pendant isobutyl group resonance at δ = 0.8-1.0 ppm
confirm the attachment of the POSS units. Comparing these integrations to the protecting
group of the PBLG, the degree of conjugation for ODT is nearly 100% of the bis-1,2addition of the ODT to the PBLG and 73% corresponding to ca 50/50 mixture of mono
and bis-substituted chains for the POSS conjugation. For the Chol2PBLG16 the
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appearance of resonance between δ = 0.8 and 1.7 ppm confirms conjugation, but degree
of conjugation could not be determined because of the lack of clearly resolved peaks.
GPC traces revealed relatively monodisperse polymers having PDIs around 1.3.
These AB2 systems have previously been studied in solution and it was
determined that vesicle formation occurred for all AB2 systems within the entire pH
range in which it was soluble.[29] Figure 34 shows the Rh vs pH for each system along
with a TEM image, where samples are ODT star polymers (top), Chol star polymers
(middle) and POSS star polymers (bottom). For each system, there is in an increase in the
Rh with increase of pH, but the calculated ρ values and TEM suggests that all systems
remain as vesicles. A size increase is expected for these glutamate polymers, because of
the increased charge-charge repulsions that occur with the formation of carboxylates
along the chain as the pH increases. The synthesized DP’s of 11, 16, and 36 would lead to
an increase of about 2.4, 3.5, and 8 nm, respectively, based on change in dimensions (rise
per unit) of the secondary structure from α-helix (0.15 nm) to random coil (0.37 nm). In
these systems, much larger changes in size are observed and we attribute this large
increase in size to a decrease in the interfacial chain density of the vesicles, as previously
seen by Schlaad and coworkers.[31] At increasing pH, the highly charged corona peptide
chains require more room as they repel one another, and this decreases the chain density
at the interface. This change in interfacial density can exploited for delivery, whereby the
permeability of the drug from the loaded domain will be critical factor in the release of
the drug from the polymersomes.
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Figure 33. 1H NMR for acetylene functional poly(benzyl L-glutamate)16 (PBLG16) and
convergent thiol-yne synthesis products. Reprinted permission by “Peptide-based lipid
mimetics with tunable core properties via thiol-alkyne chemistry,” by Jacob G. Ray, Jack
T. Ly, and Daniel A. Savin, 2011, Polymer Chemistry, 2, 1536-1541. © 2011The Royal
Society of Chemistry.
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Figure 34. Rh versus pH plots for ODT2PE16 (top) (inset TEM image at pH 6.5),
Chol2PE11 and Chol2PE16 (middle) (inset is TEM image for Chol2PE16 at pH 6.5), and
POSS2PE16 and POSS2PE36 (bottom) (inset is TEM image for POSS2PE36 at pH 7.2).
TEM scale bars 50 nm. Reprinted permission by “Peptide-based lipid mimetics with
tunable core properties via thiol-alkyne chemistry,” by Jacob G. Ray, Jack T. Ly, and
Daniel A. Savin, 2011, Polymer Chemistry, 2, 1536-1541. © 2011The Royal Society of
Chemistry.

Molecular and Solution Characterization of KPK 27 and KPK 52. Previously, the
molecular and solution characterization of the linear ABA triblock copolymer KPK 27
(poly(lysine)27-b-poly(propylene oxide)33-b-poly(lysine)27) was discussed. An analogous
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system of KPK 52 (poly(lysine)52-b-poly(propylene oxide)68-b-poly(lysine)52)was also
synthesized where by the hydrophilic weight fraction is the same as KPK 27, but the
KPK 52 has double the molecular weight. Table 9 shows the comparison of the polymer
composition of the two systems.
Table 9
KPK Triblock Polymer Compositions
Sample

DP(PPO)

DP(K)

Hydrophilic
wt%

KPK 27

33

27

77.6

KPK 52

68

52

76.8

In solution, KPK 52 exhibits a micelle-to-vesicle morphology transition upon an
increase in pH as does KPK 27. Figure 35 shows the change in Rh and Rg vs pH for KPK
52 as measured by light scattering. At pH 3, the Rg and Rh are 48 and 64 nm,
respectively, yielding a ρ value of 0.75 indicating the formation of spherical micelles.
Upon increasing the pH to 4, we see a drastic increase to 80 nm for both the Rg and Rh,
yielding a ρ value of ~1 indicating vesicles. Further increasing of the pH does not affect
the size of the morphology, until the polymer crashes out of solution above pH 7. The
prominent conversion seen from pH 3 to 4 could be seen visually as the turbidity of
sample increased upon the addition of NaOH. Additional SLS measurements revealed
that the aggregation number is almost two orders of magnitude higher at pH 4 than at pH
3 for KPK 52. KPK 27 also showed an increase in aggregation number form pH 3 to 4,
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but KPK 52 exhibits a much larger aggregation number than that of KPK 27, which will
play a crucial role in the loading of drug to these assemblies.
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Figure 35. Rh (□), Rg (○), and ρ (= Rg/Rh, ) vs. pH for KPK 52.
Drug Release.
For determination of the amount of drug loaded and released during these studies,
calibration curves were made based on the measured absorbance versus concentration to
obtain the molar absorptivity. According to the Beer-Lambert Law,
𝐴 = 𝜀𝑐𝑏

(5)

where A is the measured absorbance, ε is the absorptivity (in mL/µg*cm), c in the
concentration of the drug (in µg/mL), and b in the path length, which in this case will be
1 cm. For the given calibration curves, the molar absorptivity was measured directly as
the slope, since the path length is 1 cm. Figure 36 (a) shows the calibration curve of
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Dox.HCl (maximum absorbance at 483 nm) where the molar absorptivities values are
0.0157 and 0.0174 mL/µg.cm at 0 mM NaCl and 154 mM NaCl, respectively.
Fluorescein (maximum absorbance 494 nm) calibration curves in PBS with 154 mM
ionic strength are shown in Figure 36 (b), where the molar absorptivities values are
0.1875 and 0.1428 mL/µg.cm at pH 7 and pH 6.2, respectively. Methylene blue
(maximum absorbance 664) calibration curve shown in Figure 36 (c), gave a molar
absorptivity of 0.2401 mL/µg.cm at pH 6 in 154 mM NaCl. These different model drugs
were used in an attempt to differentiate how charge-charge repulsions of polymer to drug
affect the loading and release. We can also note that Dox.HCl has a much lower molar
absorptivity than that of FLU and MB, which makes it harder to detect at low
concentrations.
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Figure 36. Absorbance versus concentration calibration curve for Dox.HCl (a) in 0M
NaCl (red, squares) and 154 mM NaCl (blue, circles), fluorescein (b) in PBS at 154 mM
ionic strength at pH 7 (blue, circles) and pH 6.2 (red, squares) and methylene blue (c) in
154 mM NaCl at pH 6.

Drug Release of AB2. The three AB2 systems that were studied for drug release
are (cholesterol)2-poly(glutamic acid)11 (Chol2PE11), (octadecane)2-poly(glutamic acid)11
(ODT2PE11), and (propylisobutyl polyoxahedral silsequioxane)2-poly(L-glutamic acid)16
(POSS2PE16) shown in Scheme 2 (a). Figure 37 shows the release profile of the AB2 stars
at pH 7 and 0 mM NaCl, so that we could get a fundamental understanding of the
potentail use of these systems for controlled drug release. When comparing the release of
the systems with loaded Dox.HCl to that of free Dox.HCl (black squares), we see a
supressed, more linear release. This is a desired behavior of drug release when
encapsulated within the polymersome. All systems show an inital small burst release of
about 5%, but within just a few hours (< 6 hours) the drug release of polysome system
had leveled off and achieved ~15-20% within the five day relesase period. Sample ODT2PE11 was repeated to demonstrate that the release profile could be reproduced.
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Figure 37. In vitro release profiles (0 mM NaCl, pH 7, room temperature) of free
Dox.HCl (black squares) and Dox.HCl-loaded Chol2PE11 (red circles), ODT2PE11 (green
diamonds), and POSS2PE16 (blue triangles) polymersomes.

We hypthoesize that there are several factors such as aggreagation number (Nagg),
the nature of the hyophobic membrane and its interfacial density, and the affinity of the
negatively charged chains to the positively charged drug that control the release of the
drug to the surrouding aqueous environment. To futhure exploit some of these
interactions, a these polymer systems were study at pH 7 in 154 mM NaCl (phyislogical
salt conditions). This release profile is shown in Figure 38, where an obvious
enhancement in the release of the Dox.HCl has occurred on the same timescale compared
to that in Figure 37 at 0 mM NaCl. The free Dox.HCl is once again released at a much
faster rate than Dox.HCl that has been encapsulated within a polymersome. All polymeric
systems exhibit the ability to extend the release of the drug over a five day period. There
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is an initial burst release to about 5% of the drug, but then the release of the drug begins
to slow down following a linear release over the next five days. After two days, the
percent release of Dox.HCl was 47, 49, and 35% from Chol2PE11, ODT2PE11 and
POSS2PE16, respectively, and 61, 60, and 50% after five days. Figure 38 also
demonstrates the importance of sonication for loading the drug into the polymersome.
ODT2PE11 was loaded two different ways (1) without sonication and (2) with sonication.
The graph shows that with no sonication of the sample a faster, higher release is
achevied, which for controlled, extended release is this is not the wanted outcome. It can
be assumed that without sonication, the drug is associated within the corona PE chains
and very little drug is loaded in the interior of the vesicle. The drug loaded on the interior
of the vesicle is what leads to the extended release rates.
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Figure 38. In vitro release profiles (154 mM NaCl, pH 7, room temperature) of free
Dox.HCl (black squares) and Dox.HCl-loaded Chol2PE11 (red cirlces), ODT2PE11
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(sonicated and non-sonicated) (green diamonds), and POSS2PE16 (blue triangles)
polymersomes.
It should also be noted that free Dox.HCl in the presence of 154 mM NaCl
reached almost 100% release, whereas with no salt present it only reached about 65%
release. When looking at the polymer release profiles at 154 mM NaCl there is an
increase in the percentage released from about 15-20% at 0 mM NaCl to between 50-61%
release, depending on the polymer used to encapsulate the drug. This behaivor can be
explained by the prescence of the salt which allows for charge-charge screening of the
negatively charged polymer chains to that of the positively charged Dox.HCl drug
molecules.
With the increase in amount of free Dox.HCl released in the prescence of salt,
there must also be another explanaition for the increased release. It has been reported in
literautre that charged molecules tend to stick to the cellulose dialysis tubing, so not only
does the salt screen the charge-charge interactions of the drug to the polymer, but also the
drug to the dialysis bag. Figure 39 shows free MB in the prescence of 0 mM NaCl, 50
mM NaCl and 154 mM NaCl. It appears that methylene blue associates with the bag
moreso than the Dox.HCl, but with added NaCl proper release can be achieved. MB was
used for this simple study because of its low cost, since Dox.HCl is an actual
chemothreaputic with limited avaiablitiy and high costs. At the highest NaCl
concentration, MB acheieved about 97% release, in contrast to 50 mM NaCl where it
released to about 86%, and with no salt present it released to 45%.
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Figure 39. In vitro release profiles of free MB at 0 mM NaCl (black, □), 50 mM NaCl
(red, ○) and 154 mM NaCl (blue, ).
Looking at Figures 37, we can assume that both the drug associating with the
charged polymer and the drug associtating with the diaylsis bag are both contrubuting to
the amount of drug being released. Figure 38 and Figure 39 shows that added salt can
screen both of these effects, allowing for higher percanetages of release over an extended
period of time. To further eluicate these simultaneous events, we studied the relase of
Dox.HCl loaded within the polyglutamate vesicles at different pH at a constant ionic
strength of 154 mM. Figure 40 shows the drug release profiles of Chol2PE11 (a),
ODT2PE11 (b), and POSS2PE11 at pH 5 (blue, squares) and pH 7 (red, circles), where pH
5 systems were studied in acetate buffer and pH 7 systems were studied in phosphate
buffered saline. Here it evident that at pH 5 every system achieves much higher release
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compared to that at pH 7. Similar release behaviors were seen in the PBS solution
compared to the studies at pH 7 and 154 mM NaCl (Figure 40). Both systems show a
slow, relatively linear release profile from one day to five days, with PBS pH 7 systems
showing final relase values of 56, 47, and 41% for Chol2PE11, ODT2PE11, and
POSS2PE16, respectively. When comparing this to the release at pH 5, we see much
higher release values after one day for all systems, which approach quantitative release
after five days. The final release values for Chol2PE11, ODT2PE11, and POSS2PE11 are 82,
98, and 96%, respectively.
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Figure 40. Drug release profiles for Dox.HCl-loaded Chol2PE11 (a), ODT2PE11 (b), and
POSS2PE16 (c) vesicles, in each graph, blue squares represent release profiles in acetate
buffer at pH 5 and 154 mM ionic strength and red circles represent release profiles in
phosphate buffered saline (PBS) at pH 7 and 154 mM ionic strength.
This difference in release behavior is not suprising when considering the
polyglutamate pH response. Figure 41 shows the CD spectra for Chol2PE16 as reported by
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Ray et al., where the transition of the secondary structure with pH is seen. Going from a
high pH of 10.1 to pH of 4.3, we see the transition from random coil to α-helix occuring
somewhere between pH 6.6 - 4.3. Upon this change in secondary strucuture from random
coil to α-helix, there is a decrease in the number of charges along the chain of the peptide,
where the carboxylate groups protonate and become neutral. So in our study at pH 5 vs
pH 7, we can assume there are fewer negative charges on the peptide chains at pH 5,
resulting in higher release of Dox.HCl due to the decreased charge-charge interactions.

Figure 41. CD plot for Chol2PE16 at varying pH. The helix-coil transition is apparent, and
there exists an isodichroistic point at 205 nm. (Inset) Effective molecular weight (hence
aggregation number) as a function of pH (quantified by the intercept of I-1 vs. q2 plot.)
Reprinted permission by “Peptide-based lipid mimetics with tunable core properties via
thiol-alkyne chemistry,” by Jacob G. Ray, Jack T. Ly, and Daniel A. Savin, 2011,
Polymer Chemistry, 2, 1536-1541. © 2011The Royal Society of Chemistry.
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From studying these systems at varying pH and ionic strengths, we can conclude
that the charge-charge interactions are a crucial factor when determing the ability of these
systems for controlled drug delivery. Along these lines, the charge-charge interactions
also effect how these drugs are loaded within the polymersome. It should be noted that
attempts at loading Flu in PBS at pH 7 and pH 6.2 at an ionic strength of 154 mM were
made. No drug was loaded, as the free Flu released at the same time and rate as that of
the polymer/Flu solution. We can attribute this to the charge-charge replusions of the
negatively charged polymer to the negatively charged drug molecules. Loading Flu at a
lower pH of 5 was also attempted, but the Flu became in soluble at that pH.
These R2PEn systems were studied in the presence of the three different drugs. It
should be noted that the negavtively charged Flu did not load, where as the Dox HCl and
Mb both loaded the polymersomes. There was a difference in the behavior of the Mb
versus that of the Dox.HCl. The Mb release profiles are not show cause very little drug
relased from the system. We observed that over a time period of three days, a blue like
powder preciptated from the solution. We can concluded that this is most likely the Mb
complexed with the PE chains, which caused them to preciptate from solution. The
Dox.HCl did not behave in this manner as shown by the relesase profiles obtained.
Drug Release of KPK Triblocks. Following the release study of the AB2 star
copolymers, we also studied the extended and triggered release of Dox.HCl in our KPK
block copolymers. First we must address the loading procedure used to load the KPK
block copolymers. The standard procedure of dissolving the polymer in a drug solution
followed with sonication and stirring did not lead to loaded drug polymersomes. The
insufficient loading we can attribute to the high molecular weight of the polymer as well
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as to the charge-charge repulsions of positively charged drug to the positively charged
lysine side chains. We also saw no drug was loaded into the AB2 stars when using Flu in
the pH range of 6-7. At this pH Flu carries a negative charge as well as the AB2 vesicles.
We hypothesize this is due to the charge-charge repulsions of the polymer and drug. In an
attempt to load the AB2 systems in a less charged state, the pH would have to been
lowered in which case the Flu becomes insoluble and crashes out of solution. In the same
way, negatively charged Flu was able to be loaded into KPK 52 system via sonication
and stirring only. There was no need for the morphology switching to load the drug when
the drug and polymer carry opposite charges.
As stated previously, both KPK 27 and 52 exhibit a morphology transition upon
change in pH. Using the morphology switching, the drug was loaded by dissolving the
polymer in an aqueous/drug solution at pH 3. While stirring the sample, NaOH was
added to raise the pH to around 7. This change in pH leads to a micelle-to-vesicle
transition, where the spherical micelles break apart and reform as vesicles., leading to
encapsulation of the drug within the core of the vesicle. Once encapsulated, a dialysis
was done for 24 hours to remove any drug that had not been encapsulated. This loading
procedure is demonstrated in Figure 32 (b).
Following the loading of these systems, the release was studied for extended
release behavior as well as triggered release behavior. With the triggered release, we are
referring to the release profiles conducted upon pH quench of the environment and the
sample to about pH 4. This change in pH triggers the morphology transition of converting
vesicles into spherical micelles, thereby releasing the encapsulant. Figures 42 and 43
show the release of each scenario of Dox.HCl for KPK 27 and KPK 52, respectively. The
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extended release profiles are shown as the black squares and the triggered release profiles
are shown as the red circles. These systems exhibit low burst release rates around 5-10%
after about 6 hours, but it is obvious that there is a difference in the release rates of
Dox.HCl after the pH change of the triggered samples. The extended release profiles
show a slow, linear release only achieving about 13 and 18% after 8 days for KPK 27 and
KPK 52, respectively.

100
90
80

% Release

70
60
50
40

KPK27 Extended
KPK27 pH trigger

30
20
10
0
0

50

100

150

200

Time (hours)

Figure 42. Dox.HCl release profiles from KPK 27 polymersomes, extended (black,
squares) and triggered (red, circles).

122

100
90
80

% Release

70
60
50
40

KPK52 Extended
KPK52 pH trigger

30
20
10
0
0

25

50

75

100

125

150

175

200

Time (hours)

Figure 43. Dox.HCl release profiles from KPK 52 polymersomes, extended (black
squares) and triggered (red circles).
Looking at the triggered release sample for KPK 27, Dox.HCl elution increases
from about 14% at 46 hours to about 32% at 52 hours, an increase of 18% in 6 hours.
KPK 52 system show comparable triggered release of Dox.HCl with an increase over
30% in 4.5 hours from about 15% at 26 hours to about 46% at 30.5 hours. The higher
triggered release of the Dox.HCl in the KPK 52 system is mostly likely a result of its
much larger aggregation number, as previously determined [30], ensuing more Dox.HCl
per individual polymersome. After the rapid release of Dox.HCl for KPK 27 and 52, the
elution becomes linear with a release rate that differs from the extended release profiles.
In the case of KPK 27, triggered release profile expands from 32 to 59% from 52 to 191
hours; for KPK 52, the release increases from 46 to 87% from 30 to 195 hours.
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Although these percentages are much higher than those of the extended release
profiles, we can assume that upon the reassembly of the spherical micelles some amount
of drug is sequestered within the assembly as demonstrated in Scheme 3. In studying
these linear triblocks as drug delivery systems, we determined that the release rate is
higher for the triggered system versus the extended release system, which can be
explained by the burst release of drug upon the morphology switch as well as the faster
release from micelles compared to bilayer vesicles.

Scheme 3. Schematic representation of the triggered release behavior of Dox.HCl from
dynamic KPK triblock copolymer assemblies; a vesicle-to-spherical micelle transition
triggers the release of a given amount of Dox.HCl molecules while some are sequestered
within spherical micelles at low pH.

Conclusion
In conclusion, we have shown the ability of R2PEn star polymers and KPK linear
triblock copolymer to encapsulate and control the release of Dox.HCl. The R2PEn systems
were cable of sustaining an extended release over a period of five days. In the presence of
salt, the percent release of Dox.HCl was increased drastically compared to that of the
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non-salted system. Also, release elution was compared at pH 5 and pH 7 at an ionic
strength of 154 mM, where we saw an increase in the percentage of release at lower pH.
We hypothesize these behavior are due to two factors (1) charge screening of polymer
and drug charge-charge interactions, where in the case of pH 5 vs 7 there are fewer
charges along the chain and (2) the screening of drug/dialysis bag interaction. In the case
of the linear triblock copolymers of KPK 27 and 52, we saw both the extended and
triggered release of Dox.HCl. With the change in morphology, we were able to create a
burst release of the drug payload followed by extended release from a spherical micelle.
When comparing this to release from a vesicle, the spherical micelle releases the drug
much faster than that of the vesicle bilayer system.
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CHAPTER V
INCORPORATION OF LEUCINE ROD-LIKE BLOCKS FOR ENHANCEMENT OF
POLYPEPTIDE HIERARCHICAL ASSEMBLY PROPERTIES AND DRUG
DELIVERY
Abstract
Incorporation of a permanently rod-like, hydrophobic leucine block into our pH
responsive, amphiphilic block copolymers was explored to utilize these characteristic
features in hopes to manipulate both the morphology and permeability of these systems
for drug delivery. Leucine is a non-ionizable, hydrophobic, α-helix forming amino acid,
which we hypothesize will change the way in which chains pack within the aggregate.
Two different systems were studied, the first being triblock copolymers involving of
poly(propylene oxdie)-b-poly(leucine)-b-poly(lysine) (PPO-b-PLeu-b-PLys) and the
second involving poly(ethylene oxide)-b-poly(lysine)-b-poly(leucine) (PEO-b-Plys-bPLeu). In the first system, a coil-rod-coil, linear ABB’ triblock copolymers was
synthesized, where the PLys (A block) constructs the hydrophilic, and responsive block
of the polymer and PLeu and PPO construct the hydrophobic block of the polymer. This
polymer topology mimics that of a simple diblock copolymer, but we have altered its
structure such that throughout the entire pH range the central leucine block will exist as
an α-helix block. In the second system, an ABC linear triblock copolymer was
synthesized where A represents the permanently hydrophilic PEO block, B represents the
tunable PLys, and C represents the permanently hydrophobic PLeu. Here we look to
exploit the morphologies that can be obtained by altering the hydrophilic weight fraction
through synthetic composition and responsiveness of the polymer in solution. The change
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in pH will bring about an in situ change in the molecular composition of the polymer due
to the change in secondary structure of the PLys at certain pH values.
Introduction
Polypeptide block copolymers can also present themselves as rod-coil molecules,
which are being study for their inherent nature of hierarchal assembly properties different
from that of traditional block copolymers. Due to the rod-like conformations of the rigid
polymer chain, steric crowding and loss of conformational entropy cause the polymer
back-bone to become quasi-linear. This deviation from traditional behavior comes about
from the interplay between microphase separation of the rod and coil components,
generating novel structures in solution.[1] Helical secondary structures of polypeptides
give the polymer chains a rod-like configuration, yielding routes to altering the
assemblies formed. Our research group has shown that changing the composition of PBb-polylysine block copolymers can lead to the formation of spherical micelles at high
polylysine weight fractions or cylindrical micelles at lower polylysine weight fractions.
With pH induced transition from rods at high pH to coils at low pH results in a transition
from cylindrical micelles to spherical micelles.[2] Lecommandoux and coworkers have
studied systems of PLGA-b-polylsine where the micellar structure was inverted with
changes in pH, where at low pH the PLGA adopts an α-helix secondary and the
polylysine a random coil conformation. These conformations switch upon increasing the
pH, but the rod-like structure always segregated to the center of the bilayer.
Our systems consist of both polylysine and polyleucine blocks, not only are we
looking to exploit the morphologies obtainable with this combination, but also the added
structural stability gained with the non-ionic residues of polyleucine. Leucine is capable
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of forming what is known as the leucine zipper, which is a three dimensional array
formed from the complexation of different helices driven by hydrophobic interactions.
Deming and coworkers synthesized diblock copolypeptides of polyleucine and modified
PEO poly(lysine) which formed micrometer-scale vesicles.[3] They determined that
samples with leucine segments less than 20 units failed to form micrometer-scale
vesicles. In samples with greater the 35% mole percent poly(leucine) aggregates formed
were insoluble in water. Polymer compositions between these two limits formed
membrane-like assemblies with spherical vesicles at low leucine content and curved
sheets forming at higher weight fractions. They claim these micrometer structures were
obtained because of the side-by-side ordering of chains directed by the specific packing
preference of α-helical polypeptides. These types of systems are well known to prefer
alignment of helical axes.[4] Using these rod-like amphiphiles, lateral association of the
polymer chain can be achieved, where flat membranes with relatively low interfacial
curvature can be formed, increasing the inventory of morphologies which can be
obtained. Deming and coworkers also showed these rod-like domains increase the
stability of the aggregates, whereby Fura-2 dye was encapsulate and remained
encapsulated at high temperatures (up to 90oC), for long time periods ( > 6 months), and
in various solutes (3< pH < 10, salts and buffers).[3]
Here we report on the synthesis and characterization of polyleucine rod
containing block copolymers. Macroinitiators of PPO and PEO were used along with
Lys-Z NCA and Leu NCA monomer to create a family of polymers in which their pH
responsive self-assembly behaviors were studied. Solubility of these rod containing
polymer systems remains a challenge for synthesis, but a cosolvent system was used for
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optimum solubility. DLS and SLS were used to characterize the morphology and size of
the aggregates in solution, and TEM was used supporting evidence of morphologies
obtained in solution. It appears as though there is a transition from round, spherical
particles to elongated, nanotube like structures for some of these systems. CD was used to
determine the secondary structure of the peptides at various pH.
Experimental
Materials
For this study, leucine amino acid was purchased from Sigma-Aldrich and the
benzyl protected H-Lys(Z)-OH was purchased from Sigma-Aldrich and P3 BioSystems.
For the synthesis of the N-carboxyanhydride, α-pinene was used as an acid scavenger and
purchased from Sigma-Aldrich and triphosgene, which is used to ring close the amino
acid, was purchased from TCI America. Tetrahydrofuran (THF) was purchased from
Sigma-Aldrich and was dried and degassed by a Pure Solv MD-3 solvent purification
system. Poly(propylene oxide) monobutyl ether and poly(ethylene oxide) monobutyl
ether were purchased from Sigma-Aldrich and were amine functionalized; Jeffamine M2005 was donated by Hunstman and all were used as macroinitiators in the polypeptide
polymerizations. Extra dry N,N-Dimethylformamide (DMF) with molecular sieves was
purchased from Sigma-Aldrich. Diethyl ether, chloroform, hexanes and toluene were all
purchased from Fisher Scientific and used as received. For deprotection chemistry,
trifluoroacetic acid and hydrobromic acid in 33 wt% in acetic acid were purchased from
Sigma-Aldrich and used as received. Deionized was retrieved from a Barnstead NANOPure reverse osmosis/filtration system with a resistivity of 18.0 MΩ.
Synthesis

134
Synthesis of N-Caroxyanhydrides (NCA). Lysine (Z)-NCA and leucine NCA were
synthesized, as previously mentioned, where triphosgene was used to ring close the
amino acids in the formation of the ring closed anhydride. This reaction was conducted in
THF and allowed to react for approximately 2 hours. The temperature of these two
reactions did vary, where the Lys(Z)-NCA was conducted at 70oC and Leu NCA was
conducted at 65oC. This change in temperature was made due to the Leu NCA’s ability to
auto-polymerize once the NCA was formed at elevated temperatures. The NCAs were
then precipitated into cold hexanes and recovered for polymerizations.
Synthesis of Leucine/Lysine Block Copolymers. Block copolymers containing both
leucine and lysine blocks were synthesized via ring opening polymerization (ROP) of the
NCAs using various amine functional macroinitiators. Poly(ethylene oxide) monobutyl
ether was amine functionalized as previously described by Feijen et al.[5] and
poly(propylene oxide) monobutyl was azide functionalized and reduced to a primary
amine with use of Raney nickel.[6] These polymerizations were carried out in a cosolvent
mixture of DMF, chloroform, and toluene (when leucine present) under a nitrogen purge.
Depending on the polymer’s block order, the selected NCA was dissolved in the
cosolvent and stirred in the reaction flask. Once dissolved, a solution with a known
concentration of initiator was added to the reaction. This cosolvent system was found to
be the best system which solvated both blocks of the copolymer system, where DMF was
used to disrupt hydrogen bonding, chloroform was used to dissolve the poly(lysine), and
toluene was used to dissolve poly(leucine). At high molecular weights of leucine, the
polymers solubility would decrease and the polymerization would become hazy.
Polymerizations were vented several times a day to remove carbon dioxide and drive
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reaction to completion. After a 4 or 5 day period the sequential addition of the second
NCA was conducted and the reacted for another 4 or 5 days. The final product was then
precipitated into diethyl ether.
Deprotection of Cbz Group. Deprotection chemistry was utilized to cleave the
benzyl protecting groups of the lysine repeat units. The lysine containing block
copolymer was dissolved and stirred in 50:50 (v/v) mixture of trifluoroacetic acid and 30
wt% hydrobromic acid in glacial acetic acid for 2 hours at room temperature. This slurry
was then diluted with deionized water and neutralized with 6M NaOH and dialyzed
against deionized water using 3500 MWCO cellulose membrane for 24 hours to remove
salts. This solution was then removed and acidified with 6 M HCl to replace the bromide
counter ion of the amine group on the lysine side chain with chloride ions. The solution
was then dialyzed again for 24 hours against deionized water, and sample volume was
reduced. The polymer was then lyophilized to obtain the product in powder form.
Scheme 4 show the synthetic steps for the polymerization of the polyethylene oxide
initiated polymers.

Scheme 4. Synthesis of pH responsive PEG-PLys-PLeu block copolymers.
Molecular Characterization
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1

H NMR and GPC were used to probe the molecular structure of the synthesized

polymers and their NCA monomers. 1H NMR spectra were recorded on a Varian
Mercury 300 (300 MHz) spectrometer. Monomer NCA spectra were prepared by
dissolving polymer in dimethyl sulfoxide-d6 at 20 wt%. Polymer samples were prepared
in CDCl3/TFA at 15 wt% TFA. Gel permeation chromatography (GPC) was conducted
with a Viscotek TDA 302, fitted with two low molecular weight columns connected in
series. DMF with 0.02 LiBr was used as eluent at a flow of 1mL/min, operating at 35oC.
Solution Characterization
Dilute aqueous samples at various pH’s were characterized using dynamic light
scattering (DLS) and static light scattering (SLS), to determine the hydrodynamic radius
as well as the radius of gyration. Transmission electron microscopy (TEM) was used as
supporting evidence for determination of the solution morphology. Self-assembly and
chain dimensions in solution were characterized through use of variable angle DLS and
SLS using a Research Electro-Optics HeNe laser operating at 35.0 mW with an incident
light of 633 nm.
In DLS, fluctuations in scattering intensity are related to particle diffusion and can
be analyzed via the intensity autocorrelation function (g(2)(τ)). This is measured using a
Brookhaven Instruments BI-2008M goniometer with an avalanche photodiode detector
and TurboCorr correlator. Diffusion coefficients were calculated based on the relation
Γ = 𝑞 2 𝐷𝑚
where Γ, q2 and Dm are the decay rate, square of the scalar magnitude of the scattering
vector, and the diffusion coefficient, respectively. For very dilute solutions, we

(1)
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approximate that the Dm = Dt = Dapp. Thus, the hydrodynamic radius (Rh) can then be
calculated from the diffusion coefficient using the Stokes-Einstein equation
𝑅ℎ =

𝑘𝐵 ∗𝑇
6𝜋𝜂𝐷𝑚

(2)

where kB, T, and η are the Boltzmann’s constant, the absolute temperature, and the
solvent viscosity, respectively.
SLS measurements were also taken to determine the Rg of aggregates in solution
via Zimm or Berry analysis. By measuring the angular dependence of the inverse
scattering intensity (Iex) and plotting Iex-1 versus q2, the Rg can be derived from the slope
of the graphed data. The ratio ρ = Rg/Rh gives an indication of the assembly morphology.
In the hard-sphere limit, the ratio approaches 0.775, and for vesicles the ratio is 1.0.
Elongated morphologies give rise of ρ value > 1.2.
These aqueous samples were prepared for light scattering by dissolving
deprotected polypeptide samples into deionized water at the desired weight percent and
then sonicated for at least 1 h. The pH of samples were adjusted using 0.1 N HCl and
NaOH solutions and then filtered using 0.45 µm Millipore PVDF filters directly into the
light scattering tubes and capped.
Transmission electron micrographs were captured with a Zeiss 900 transmission
electron microscope (TEM) using a Gatan, Inc. Model 785 ES1000W Erlangshen CCD
Camera and DigitalMicrograph software version 2.30.542.0. TEM sample grids were
prepared by spotting silicon monoxide (SiO) coated 300 mesh copper grids with solution
samples. Grids were covered and wetted for approximately 30 minutes, then sample was
wicked away using filter paper. The girds were then stained with phosphotungstic acid,
where the stain was deposited to the grid then wicked away after 15 seconds. To
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determine the secondary structure of the polypeptide, circular dichroism (CD)
spectroscopy of the copolymer solutions was performed using a JASCOJ815
spectrometer at room temperature over the wavelength range 195-300 nm employing an
integration time of 1 second and a wavelength step of 0.5 nm. For potentiometeric pH
measurements, a ΩMetrohm Ion Analysis 848 Titrino Plus was used. 25 mL of aqueous
polymer solutions were made at 0.5 mM amounts of lysine or amine units. 0.1 N HCl was
then used to lower the samples pH to 2.5, and the volume of HCl used was recorded. The
sample was stirred while 0.5 M NaOH was dispensed as the titrant. The data was saved
and plotted to determine the pKa values of our polymers is solution.
Results and Discussion
With the synthesis of these leucine containing block copolymers we want to
incorporate an element to the composition which leads to changes in the morphologies
and diffusivity or permeability of loaded drug cargo within the peptide aggregate. The
synthesized PPO-PLeu-PLys represent systems in which the polymer composition
consists of a coil-rod-coil system, when the lysine block adopts a random coil secondary
structure and a coil-rod-rod when the lysine adopts an α-helix, if the system remains
soluble. These systems are described in Scheme 5, where PPO and PLeu are shown as the
red sphere and helix, respectively, and the PLys is shown as blue sphere or helix
depending on pH. As pH increases, the PLys block will form an α-helix and eventually
crash out of solution. The PEO-b-PLys-b-PLeu systems are described in Scheme 6, where
the permanent PEO blocks are seen as the blue spheres, the tunable PLys blocks are seen
as the purple helices or the green sphere, and the PLeu are seen as the red helices. We can
see by converting the lysine from a-helix to random coil we can create a change in the
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hydrophilic weight fraction of the polymer. As we have mentioned previously, this
change in the hydrophilic weight fraction of the polymer leads to changes in the overall
morphology.

PPO-b-PLeu-b-PLys

PPO-b-PLeu-b-PLys
High
pH
Low
pH

Coil-Rod-Coil

Coil-Rod-Rod

Scheme 5. Change in molecular composition of PPO-b-PLeu-b-PLys with change in pH.

Scheme 6. Vesicle to micelle transition of linear ABC tri-block in response to pH
changes. Here a PEO-b-PLys-b-PLeu is shown.
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Molecular Characterization
Molecular characterization of PPO based leucine-b-lysine copolymers. The PPO
and Jeffamine M-2005 polymers synthesized with a leucine-b-lysine block order were
characterized by 1H NMR and GPC. The polymer’s targeted, deprotected molecular
structures are shown in Figure 44, where the green represents the PPO (a) or
Jeffamine2005 (b), the red represents the PLeu block and the blue represents the PLys.

a

b

Figure 44. PPO42-b-Leu15-b-Lys35 and Jeff2005-b-Leu15-b-Lys35.
Figure 45 shows the 1H NMR of Jeff 2005-PLeu-PLys(Z) where the target DPs
were 15 and 35 for leucine and lysine, respectively. The given peak assignments for the
synthesized polymer are shown. An attempt to determine the actual composition of the
polymer was done by comparing the integration at δ = 1.2 ppm, which corresponds to the
methyl group of the PPO in the Jeffamine, to the integrations at δ = 5.1 ppm, which
correspond to the benzyl hydrogens of the lysine protecting group, and δ = 0.3 ppm,
which correspond to the methyl groups of leucine side chain. With these integrations, the
experimental DPs become Jeff 2005-b-Leu9-b-Lys27. With this particular NMR spectra
the peaks are relatively well resolved, but the leucine methyl integration does not
correlate to the other peak integrations. It has been shown previously that peak shifts and
disappearance can occur when blocks of the polymer differ in the solubility of the
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solvent.[7] From our experience in synthesizing these leucine block copolymers,
marginal solubility of the leucine polymer has only been achieved in a cosolvent system.
We hypothesize that these leucine blocks are aggregating to some extent due to coiledcoil interactions, and because of this behavior, we believe that reporting a degree of
polymerization from NMR spectra with skewed peaks should not be done. For the
remainder of this chapter we only refer to our polymers’ compositions based on their
targets.

Figure 45. 1H NMR of Jeff2005-b-PLeu-b-PLys(Z) triblock copolymers in CDCl3/TFA
with target ratio of Jeff2005-b-Leu15-b-Lys35.
To recover the polymer after the polymerization, the reaction mixture is
precipitated into cold ether. This procedure is the reported throughout literature, but with
our particular polymeric systems very little white precipitate formed. To further
investigate, the supernatant volume was reduced and the DMF was removed via vacuum
distillation. The recovered polymer was then dissolved in minimal amount of THF and
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precipitated into warm deionized water. Figure 46 shows the GPC data for both the PPO
initiated polymer (top) and the Jeff2005 initiated polymer (bottom), where the black
curve represents the macroinitiator, the red curve represents the polymer precipitated in
diethyl ether, and the green curve represents the polymer precipitated in deionized water.
Here, we see these block copolymers exhibit a bimodal distribution. We can assume that
the smaller molecular weight peaks relate to dead chains or insoluble chains formed
during the polymerization. Due to the limited solubility of PLeu, this result of a
distribution in size is not desired but is inevitable with this particular synthetic scheme.
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Figure 46. GPC of PPO42-b-Leu15-Lys35 and Jeff2005-Leu15-Lys35.
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When comparing the solvent for which the polymers were precipitated, the GPC
reveals that there is little difference in the hydrodynamic size of the polymers based on
the solvent choice. Our hypothesis was there would be a size difference in the GPC
traces, which would be obtained by the solvent fractionation of different polymer
compositions. We predicted higher molecular weight peptide polymers would precipitate
into the ether solvent, due to its insolubility in ether, while PPO and the Jeffamine are
readily soluble in ether. Water was chosen as the second solvent for precipitation due to
PPO LCST in water, leading to a fraction of lower molecular weight polymer containing
fewer peptide units. This hypothesis was incorrect and further investigations must be
made in order to determine what is causing limited precipitation of the polypeptide in
ether.
Also, we would like to mention that an effective Mw was not obtained from GPC.
Once again, it appears as though the leucine rod-like blocks of the polymers are
aggregating due to their limited solubility in DMF. As previously mentioned, these
helices prefer a side-by-side alignment. This gives us further reason to refer to the
polymer systems based on their theoretical DPs, until a proper characterization technique
is used to determine molecular weights and DPs.
Molecular characterization of PEO based lysine and leucine copolymers. A split
pot synthetic scheme was designed to create a library of PEO-b-PLys-b-PLeu polymers,
to study the effects of polymer composition on morphology and responsive behavior.
Table 10 introduces the polymer family which is based off of the macroinitiator of 2,000
g/mol PEO. Table11 represents the polymer family which is based off of the
macroinitiator of 5,000 g/mol PEO. In the tables the DPs, MW, and MW % are given.
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Table 10
2K-PEO Targets
Sample

Lys
DP

Lys
MW

-

Leu
DP

Leu
MW

Total
MW

PEO
MW%

Lys
MW%

Leu
MW%

1

16

2.1

1A

18

2.0

6.1

33

34

33

16

2.1

1B

36

4.1

8.1

25

25

50

44

5.6

2A

44

5.0

12.6

16

45

39

44

5.6

2B

88

10.0

17.6

11

32

57

78

10.0

3A

22

2.5

14.5

14

69

17

78

10.0

3B

66

7.5

19.5

10

51

38

59

7.6

4A

44

5.0

14.5

14

52

34

59

7.6

4B

88

10.0

19.5

10

39

51

39

5.0

5A

66

7.5

14.5

14

35

52

39

5.0

5A

110

12.4

19.4

10

26

64

2

3

4

5

Table 11
5K-PEO Targets

Sample

Lys
DP

Lys
MW

-

Leu
DP

Leu
MW

Total
MW

PEO
MW%

Lys
MW%

Leu
MW%

6

39

5.0

6A

44

5.0

15.0

33

33

33

39

5.0

6B

88

10.0

20.0

25

25

50

113

14.5

7A

113

12.8

32.3

15

45

40

113

14.5

7B

226

25.6

45.1

11

32

57

59

7.6

8A

22

2.5

15.1

33

50

17

7

8
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Table 11 (continued).

9

10

1

59

7.6

8B

66

7.5

20.0

25

38

37

44

5.6

9A

22

2.5

13.1

38

43

19

44

5.6

9B

66

7.5

18.1

28

31

41

16

2.1

10A

66

7.5

14.5

34

14

51

16

2.1

10B

110

12.4

19.5

26

11
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H NMR and GPC were used to characterized and elucidate the molecular

composition of the triblocks. As previously mentioned, these triblock copolymers have
been shown to aggregate in solution due to its limited solubility and alignment of αhelices. Given these characterization techniques, we will still use to the theoretical DPs
when referring to the synthesized polymers, until further characterization done. Figure 47
shows the 1H NMR of PEO-b-PLys-b-PLeu and peak assignments, which is
representative of all the PEO based polymers. As seen previously with the PPO based
polymers, the integrations at δ = 3.7, which corresponds to the PEO, could be compared
to the integrations at δ = 0.9 and δ = 5.1 to determine the DP for the respective PLeu and
PLys blocks. For this particular NMR spectra, the calculated molecular composition was
found to be PEO45-b-PLys44-PLeu50, which is not far off from the target DPs. This was
not the case for the entire library, so for now the referred to DPs will be the theoretical
DPs.
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Figure 47. 1H NMR of PEO45-PLys(Z)44-PLeu44 triblock copolymers in CDCl3/TFA and
the given peak assignments.
The GPCs traces for a group 2K (top) and 5K (bottom) based PEO polymers are
shown in Figure 48. For these systems the macroinitiator is shown in black, the PLys
diblock is shown in red, and the two PLeu block extensions are shown in blue and green,
with the green representing the highest molecular weight polymer. In both cases, we see
the progression of the molecular weight or elution volume as expected and these systems
demonstrate a much more monomodal distribution. This is not surprising, for the
synthesis of these block copolymers the PEO-b-PLys polymers have much higher
solubility leading to less polydisperse polymers. It should be noted that some of the
synthesized polypeptide diblock copolymers of PEO-b-PLys (red curve) did show a
bimodal distribution. Studies done by Barz and coworkers show that bimodality can be
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caused by a change in secondary structure of the growing chain that occurs around a
degree of polymerization of about 15.[8]
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Figure 48. GPC of a 2K-PEO initiated group (a) NH2-PEO45 (black), PEO45-Lys39 (red),
PEO45-Lys39-Leu66 (green), and PEO45-Lys39-Leu110 (blue) and 5K-PEO initiated group
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(b) NH2-PEO113 (black), PEO113-Lys39 (red), PEO113-Lys39-Leu44 (green), and PEO113Lys39-Leu88 (blue).
Solution Characterization
Solution characterization PPO based leucine-b-lysine copolymers. Following the
molecular characterization of these systems, the synthesized coil-rod-coil, ABB’
polymers (shown in Scheme 4) were studied via light scattering to determine the selfassembled aggregate size and morphology. Figure 49 gives the Rh values as a function of
pH for both the PPO (top) and the Jeff2005 (bottom) based block copolymers. In the case
of the PPO based block copolymers, we see that the polymers retrieved from the water
precipitation step yield larger Rh values than those for the polymer retrieved from the
ether. Both sets of data follow the same trend, where upon increasing the pH results in a
decrease in the Rh. This decrease in size is what is expected as the secondary structure of
the lysine chains transition from random coil to α-helix. What was not expected was the
solubility of this polymer up to pH 9. In previous work in our group, the PPO based
lysine peptides tend to crash out of solution at a pH above 7.[9, 10] Here with the
incorporation of the leucine block we have increased the phase space in which the
polymer is still soluble. Looking in Figure 50, the CD data for the PPO42-b-PLeu15-bPLys35 shows the presence of α-helix, indicative of a double minima at 208 and 222 nm,
at pH 3 with the amount of α-helix increasing to pH 9.1. We can hypothesize that
presence of the leucine block has alter the dielectrics of the system, thereby altering the
solubility of the polymer.
The Rh values of Jeff2005 polymers are shown in Figure 49 (bottom). These
aggregates appear to be smaller than those of the PPO polymers, and while we see an
initial decrease in the size of the aggregates upon increasing the pH, there is a pH at
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which the size of the aggregate spikes back up. The CD plot of Jeff2005 (Figure 50,
bottom) shows the same trend of the PPO polymer, where with increasing pH there is an
increase in the amount of α-helix. Static light scattering yields ρ values above 1.2 for both
systems at pH values above 5. With helices formed at low pH, where the PLys units
should be in a random coil conformation, we can assume that the PLeu blocks are
adopting an α-helix and controlling the packing and overall morphology of the aggregate.
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Figure 49. Rh values for PPO42-Leu15-Lys35 and Jeff2005-Leu15-Lys35.
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Figure 50. CD PPO42-Leu15-Lys35 and Jeff2005-Leu15-Lys35.
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Solution characterization of PEO based PLys-PLeu block copolymers. Having
discussed the polymers based off of PPO, a hydrophobic macroinitiator, we now turn our
attention to the ABC triblock copolymers based off of PEO. Here the PEO establishes a
permanent hydrophilic block (A), PLys is the tunable which is responsive with pH (B),
and PLeu is permanent hydrophobic block (C). Figure 51 and 52 show the Rh values
versus pH for polymers initiated with 2K PEO and Figure E shows a group of polymers
initiated with 5K PEO. In these Figures, the PEO-PLys precursor diblock is represented
by the black squares, and the PEO-PLys-PLeu are shown in red and blue squares, with
the blue squares representing the polymer with the higher amount of PLeu.
In Figure 51, polymer 1A and 2A from Table 10 are plotted along with the
precursor diblock. Here we see a decrease in size with increasing pH, where the PEO45Lys16-Leu36 shows the largest size in overall assembly. The diblock of many of these
different groups from the split pot synthesis formed assemblies at low pH, which is
surprising considering both blocks should be soluble at this pH.
Figure 52 shows another family from Table 10 of 3A and 3B. Here, there was no
correlation to the scattering of the diblock. We see that a similar trend is noticeable,
where there is a decrease in the hydrodynamic radius of the aggregates to a specific pH.
Above pH 9, there is a large increase in the Rh. Figure 53 provides the TEM micrographs
of 3A at pH 7 (a) and 11 (b). Here at pH 7, we see spherical particles are formed with the
appearance of the PEO chains present in the outside corona with a size of about 150 nm
in diameter. Compared to light scattering, the size of these aggregates are much larger
than what was seen in solution. Also, at pH 11 these film of sheet like structures like
structures were formed. The static light scattering of this data suggested that elongated
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particles were formed at high pH. The micrographs of polymer 3B or PEO45-Lys78-Leu66
are shown in Figure 54. In these images we see what appears to be hollow, spherical
particles at pH’s 5 and 7. Upon an increase in the pH we once again see the sheets or film
that is created on the grid.
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Figure 51. Rh values for PEO45-Lys16 (black), PEO45-Lys16-Leu18 (red), PEO45-Lys16Leu36 (blue). Polymer composition consists of 33, 34, 33 wt % for PEO, Lys, and Leu,
respectively, for PEO45-Lys16-Leu18 and 25, 25, 50 wt % for PEO, Lys, and Leu,
respectively, for PEO45-Lys16-Leu36.
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Figure 52. Rh values for PEO45-Lys78 (black), PEO45-Lys78-Leu22 (red, polymer 3A),
PEO45-Lys78-Leu66 (blue, polymer 3B). Polymer composition consists of 14, 69, 17 wt %
of PEO, Lys, and Leu, respectively, for PEO45-Lys78-Leu22 and 10, 51, 38 wt % of PEO,
Lys, and Leu, respectively, for PEO45-Lys78-Leu66.
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a

b

Figure 53. TEM images of PEO45-Lys78-Leu22 (Table 10, 3A) (a) pH 7 and (b) pH 11.
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Figure 54. TEM images of PEO45-Lys78-Leu66 (Table 10, 3B) at (top) pH 5, (middle) pH
7, and (bottom) pH 11.
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Figure 55. Rh values for PEO113-b-Lys113 (black), PEO113-b-Lys113-b-Leu113 (red),
PEO113-b-Lys113-b-Leu226 (blue). Polymer composition consists of 15, 45, 40 wt % of
PEO, Lys, and Leu, respectively, for PEO113-b-Lys113-b-Leu113 and 11, 32, 57 wt % of
PEO, Lys, and Leu, respectively, for PEO113-b-Lys113-b-Leu226.
To further investigate the transitions of these polymer systems, polymers 7A and
7B (Table 11) were studied via light scattering and TEM. Figure 55 shows the Rh values
versus pH for the PEO113-b-Lys113 (black), PEO113-b-Lys113-b-Leu113 (red), and PEO113Lys113-Leu266 (blue). Again, there is a decrease in the size of the aggregates with
increasing pH. Figure 56 shows the CD spectra for these polymers, and we have evidence
that there is α-helix formation at all pH values for the triblock copolymers (b and c),
where the diblock copolymer exhibits a random coil to α-helix transition (a). As the pH is
increased, the percent helicity increases, presumably from the PLys block that undergoes
the transition to helix.
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Figure 56. Circular dichroism for (a) PEO113-Lys113 (b) PEO113-Lys113-Leu113 and (c)
PEO113-Lys113-Leu226.
In Figures 57 and 58, the TEM images of PEO45-Lys44-Leu44 (Table 10, 2A) at pH
3.9 and 7.1 are shown. It should be noted that this polymer has the same percent block
compositions as that of polymer 7A (Table 11). It is evident that elongated structures are
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formed at both pH values. In Figure 57, the micrographs show tube-like structures, which
appear to be hollow on the inside like that of vesicle, with about a 50 nm diameter. At
this pH, we can assume that a majority of the lysine units are protonated, yielding
approximately a 50/50 hydrophilic/hydrophobic polymer composition. At pH 7.1, shown
in Figure 58, there appears to be a shift in morphology from nanotubes, with a hollow
core, to elongated micelles, which contain a more electron dense polymer core. Figure 58
(a) show the appearance of spherical particles along with a large pearl-necklace-like,
branched morphology. Direct visualization of morphological evolution remains a
challenge, but previous work by He et al. provide insight on the spontaneous
morphological transition of cylinders-to-sphere of the diblock poly(2-vinylpyridine)-bpoly(ethylene oxide).[11] They report this transition is driven by Rayleigh instability and
proceeds through a fragmentation pathway where smooth cylinders are shown to morph
into smooth undulated cylinders, to pearl-necklace-like, to spheres. Looking at Figure 58
(b) and (c) we see a network of elongated micelles, where in (c) the PEO chains can be
seen forming the corona chains of the morphology.
Considering PEO45-b-PLys44-b-Pleu44 and the change in pH from 3.9 to 7.1, we
can assume that this has brought about a change in the secondary structure of the PLys,
which could lead to a change in the overall morphology. Light scattering data
compliments the formation of elongated particles giving ρ values from 1.2-1.7. Future
work, such as cyro-TEM, must be conducted to in order to determine the morphology and
transitions that occur.
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(a)

(b)

(c)

Figure 57. TEM images of PEO45-Lys44-Leu44 at pH 3.9.
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(a)

(b)

(c)

Figure 58. TEM images of PEO45-Lys44-Leu44 at pH 7.1.
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Considering all the TEM images taken of these systems containing PLeu blocks,
we conclude that upon dehydration of the sample on the TEM gird, mutations of the
polymer morphologies are more than likely occurring. To reveal more about the
assemblies formed and their use for drug delivery new and improved characterization
techniques must be implemented.
Conclusion
In conclusion, we have successfully synthesized a gamut of leucine based
copolymers, which need to be studied in more detail in order to understand the trends of
polymer composition on controlling morphologies. We were successful in creating
elongated morphologies with most of these rod-like containing copolymers. A better
understanding on how the characterize and control these morphologies must be gained in
order to incorporate these leucine containing polypeptide block copolymers for drug
delivery. Not only will these new morphologies be advantageous for drug delivery, but
also with the formation of α-helix at low pH due to the presence of the leucine blocks
should provide increase stability to the aggregate and enhance it properties for drug
delivery.
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CHAPTER VI
SUMMARY AND FUTURE WORK
Summary
This dissertation has worked toward the tuning amphiphilic polypeptide
copolymers for use as drug delivery vehicles. Through use of NCA polymerizations,
these biocompatible polymers were studied for their capabilities to self-assemble and
respond to changes in pH of the system. Overall morphologies of these assemblies are
dependent on the hydrophilic weight fraction of polymers, conformation of polymer
chains, and the topology of polymer itself. With use of ionizable amino acids, we have
created polypeptides in which changes in secondary structure of the polymer chain with
changes in pH give rise to changes in the overall morphology of the assembly. This
dissertation has focused on tuning that pH response for use pH changes that synonymous
with physiological conditions.
Through incorporation of ionic liquids to polypeptide systems, we were able to
study our systems in the presence of molten salts. With ionizable peptide block
copolymers, an increase in the size of the aggregates was seen upon the addition of ionic
liquid and was increased with increasing amounts of ionic liquid. Even with the presence
of salt the polypeptides remained pH responsive and the phase space at which the
polymers were soluble was increased. This behavior is drastically different to that of
tradition salts, and supported our belief in tailoring these systems for drug delivery uses.
There is potential for using these polypeptide/ionic liquid aggregates for use as ion
conducting materials, but there is still fundamental research that must be conducted for
this potential to be obtainable.
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After seeing the change in behavior of our polypeptide block copolymers, we
decided that separating the charges from one another along the polymer backbone could
create a change in the pH at which the morphology of the aggregate would change. We
then focused on synthesized polymers in which the NCA was polymerized by
simultaneous and alternating additions. By disrupting the homogeneity of ionizable
block, changes in the local dielectrics should alter the pH response of the peptide, as
supported by the shift in the pKa of a single lysine unit of about 10.5 to our polymers
around pH 4. The solubility of the polymer was increased in both the polymer reaction in
organic solvent and at high pH of aqueous solutions. Further testing is still needed to
determine if the pKa of the peptide block copolymers has changed from that of the
homoblock copolymers.
We have demonstrated the ability of our peptide systems to encapsulate or load
drug molecules and release the drug. Two different polymer topologies were studied, the
first of which was an AB2 star polymer with different hydrophobic substituents, which
formed vesicles in solution. These loaded vesicles were successful in retarding the release
of the drug under physiological conditions, but showed the most adequate release at pH 5
due to a minimization of charge interactions between the drug and the peptide coronal
chains. The second system study was a linear ABA triblock copolymer, which undergoes
a vesicle-to-micelle transition upon a decrease in pH. With this dynamic morphology
behavior, the drug release was actually triggered by a change in the pH of the system.
When considering this system, there is still much work to be conducted on tuning the pH
to a bio-relevant pH.
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Another way we are investigating the pH response and creating dynamic
morphologies through these systems is by the incorporation of a hydrophobic, α-helix
forming peptide block. Here with the incorporation of the a hydrophobic block, we not
only change the hydrophobicity of the aggregate, but now the presence of a rod-like
confirmation of the polymer chain can cause deviations from traditional morphology
behavior. Not only will the rod-like character cause a conformational difference, but a
great amount of stability will be added to our aggregates by the coiled complexes formed
by the complexation of these α-helices. Although solubility of these systems were a
greater challenge, elongated morphologies were obtained for several of the systems. With
the TEM micrographs present, it is evident that cyro-TEM is a necessity in resolving the
solution morphology.
Future Work
Although, strides were made to develop drug delivery systems, there is still much
work to be conducted. On systems that have shown evidence of loading and releasing of
drug, cellular studies focusing on the selectivity and knock down of cancer cells, as well
as cytotoxicity to healthy cells is needed. It would also be interesting to see how these
systems preform under system in which they are circulating or flowing, as they do not
have the built in stability to hold it together under such stress. When considering the rod
containing polypeptide systems, there is still solution characterization clarity needed to
understand what morphologies are being formed in solution versus what is seen on the
TEM grid. Any real time characterization of these with respect to change in pH would be
crucial in explaining the dynamic behavior of these complex systems. After proper
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solution characterization is achieved, loading these systems and studying their release
mechanisms would be beneficial for drug delivery.

